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Introduction 
class="introduction' 


This world map 
shows Earth’s 
distribution of 
photosynthesis 

as seen via 
chlorophyll a 
concentrations. 
On land, this is 
evident via 
terrestrial 
plants, and in 
oceanic zones, 
via 
phytoplankton. 
(credit: 
modification of 
work by 
SeaWiFS 
Project, 
NASA/Goddard 
Space Flight 
Center and 
ORBIMAGE) 
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The processes in all organisms—from bacteria to humans—require energy. 
To get this energy, many organisms access stored energy by eating, that is, 
by ingesting other organisms. But where does the stored energy in food 
originate? All of this energy can be traced back to photosynthesis. 


Overview of Photosynthesis 
By the end of this section, you will be able to: 


e¢ Summarize the process of photosynthesis 

e Explain the relevance of photosynthesis to other living things 
e Identify the reactants and products of photosynthesis 

e Describe the main structures involved in photosynthesis 


All living organisms on earth consist of one or more cells. Each cell runs on 
the chemical energy found mainly in carbohydrate molecules (food), and 
the majority of these molecules are produced by one process: 
photosynthesis. Through photosynthesis, certain organisms convert solar 
energy (sunlight) into chemical energy, which is then used to build 
carbohydrate molecules. The energy used to hold these molecules together 
is released when an organism breaks down food. Cells then use this energy 
to perform work, such as cellular respiration. 


The energy that is harnessed from photosynthesis enters the ecosystems of 
our planet continuously and is transferred from one organism to another. 
Therefore, directly or indirectly, the process of photosynthesis provides 
most of the energy required by living things on earth. 


Photosynthesis also results in the release of oxygen into the atmosphere. In 
short, to eat and breathe, humans depend almost entirely on the organisms 
that carry out photosynthesis. 


Note: 
Concept in Action 


Click the following link to learn more about photosynthesis. 


Solar Dependence and Food Production 


Some organisms can carry out photosynthesis, whereas others cannot. An 
autotroph is an organism that can produce its own food. The Greek roots of 
the word autotroph mean “self” (auto) “feeder” (troph). Plants are the best- 
known autotrophs, but others exist, including certain types of bacteria and 
algae ([link]). Oceanic algae contribute enormous quantities of food and 
oxygen to global food chains. Plants are also photoautotrophs, a type of 
autotroph that uses sunlight and carbon from carbon dioxide to synthesize 
chemical energy in the form of carbohydrates. All organisms carrying out 
photosynthesis require sunlight. 


(a) (b) (c) 


(a) Plants, (b) algae, and (c) certain bacteria, called cyanobacteria, are 
photoautotrophs that can carry out photosynthesis. Algae can grow 
over enormous areas in water, at times completely covering the 
surface. (credit a: Steve Hillebrand, U.S. Fish and Wildlife Service; 
credit b: "eutrophication&hypoxia"/Flickr; credit c: NASA; scale-bar 
data from Matt Russell) 


Heterotrophs are organisms incapable of photosynthesis that must 
therefore obtain energy and carbon from food by consuming other 
organisms. The Greek roots of the word heterotroph mean “other” (hetero) 


“feeder” (troph), meaning that their food comes from other organisms. Even 
if the food organism is another animal, this food traces its origins back to 
autotrophs and the process of photosynthesis. Humans are heterotrophs, as 
are all animals. Heterotrophs depend on autotrophs, either directly or 
indirectly. Deer and wolves are heterotrophs. A deer obtains energy by 
eating plants. A wolf eating a deer obtains energy that originally came from 
the plants eaten by that deer. The energy in the plant came from 
photosynthesis, and therefore it is the only autotroph in this example 
({link]). Using this reasoning, all food eaten by humans also links back to 
autotrophs that carry out photosynthesis. 


The energy stored in carbohydrate 
molecules from photosynthesis passes 
through the food chain. The predator 
that eats these deer is getting energy 
that originated in the photosynthetic 
vegetation that the deer consumed. 
(credit: Steve VanRiper, U.S. Fish and 
Wildlife Service) 


Note: 
Biology in Action 
Photosynthesis at the Grocery Store 


— 
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Photosynthesis is the origin of the 
products that comprise the main 
elements of the human diet. (credit: 
Associacao Brasileira de 
Supermercados) 


Major grocery stores in the United States are organized into departments, 
such as dairy, meats, produce, bread, cereals, and so forth. Each aisle 
contains hundreds, if not thousands, of different products for customers to 
buy and consume ((Link]). 

Although there is a large variety, each item links back to photosynthesis. 
Meats and dairy products link to photosynthesis because the animals were 
fed plant-based foods. The breads, cereals, and pastas come largely from 
grains, which are the seeds of photosynthetic plants. What about desserts 
and drinks? All of these products contain sugar—the basic carbohydrate 
molecule produced directly from photosynthesis. The photosynthesis 
connection applies to every meal and every food a person consumes. 


Main Structures and Summary of Photosynthesis 


Photosynthesis requires sunlight, carbon dioxide, and water as starting 
reactants ({link]). After the process is complete, photosynthesis releases 
oxygen and produces carbohydrate molecules, most commonly glucose. 
These sugar molecules contain the energy that living things need to survive. 


- PHOTOSYNTHESIS 


Photosynthesis uses solar energy, 
carbon dioxide, and water to release 
oxygen and to produce energy-storing 
sugar molecules. 


The complex reactions of photosynthesis can be summarized by the 
chemical equation shown in [link]. 


Photosynthesis Equation 


SUNLIGHT 


Carbon 
dioxide - Water =» Sugar + Oxygen 


The process of photosynthesis can be 
represented by an equation, wherein carbon 
dioxide and water produce sugar and oxygen 
using energy from sunlight. 


Although the equation looks simple, the many steps that take place during 
photosynthesis are actually quite complex, as in the way that the reaction 
summarizing cellular respiration represented many individual reactions. 
Before learning the details of how photoautotrophs turn sunlight into food, 
it is important to become familiar with the physical structures involved. 


In plants, photosynthesis takes place primarily in leaves, which consist of 
many layers of cells and have differentiated top and bottom sides. The 
process of photosynthesis occurs not on the surface layers of the leaf, but 
rather in a middle layer called the mesophyll ((link]). The gas exchange of 
carbon dioxide and oxygen occurs through small, regulated openings called 
stomata. 


In all autotrophic eukaryotes, photosynthesis takes place inside an organelle 
called a chloroplast. In plants, chloroplast-containing cells exist in the 
mesophyll. Chloroplasts have a double (inner and outer) membrane. Within 
the chloroplast is a third membrane that forms stacked, disc-shaped 
structures called thylakoids. Embedded in the thylakoid membrane are 
molecules of chlorophyll, a pigment (a molecule that absorbs light) 
through which the entire process of photosynthesis begins. Chlorophyll is 
responsible for the green color of plants. The thylakoid membrane encloses 
an internal space called the thylakoid space. Other types of pigments are 
also involved in photosynthesis, but chlorophyll is by far the most 
important. As shown in [link], a stack of thylakoids is called a granum, and 


the space surrounding the granum is called stroma (not to be confused with 
stomata, the openings on the leaves). 


Note: 
Art Connection 
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Not all cells of a leaf carry out 
photosynthesis. Cells within the 
middle layer of a leaf have 
chloroplasts, which contain the 
photosynthetic apparatus. (credit 
"leaf": modification of work by Cory 
Zanker) 


On a hot, dry day, plants close their stomata to conserve water. What 
impact will this have on photosynthesis? 


The Two Parts of Photosynthesis 


Photosynthesis takes place in two stages: the light-dependent reactions and 
the Calvin cycle. In the light-dependent reactions, which take place at the 
thylakoid membrane, chlorophyll absorbs energy from sunlight and then 
converts it into chemical energy with the use of water. The light-dependent 
reactions release oxygen from the hydrolysis of water as a byproduct. In the 
Calvin cycle, which takes place in the stroma, the chemical energy derived 
from the light-dependent reactions drives both the capture of carbon in 
carbon dioxide molecules and the subsequent assembly of sugar molecules. 
The two reactions use carrier molecules to transport the energy from one to 
the other. The carriers that move energy from the light-dependent reactions 
to the Calvin cycle reactions can be thought of as “full” because they bring 
energy. After the energy is released, the “empty” energy carriers return to 
the light-dependent reactions to obtain more energy. 


Section Summary 


The process of photosynthesis transformed life on earth. By harnessing 
energy from the sun, photosynthesis allowed living things to access 
enormous amounts of energy. Because of photosynthesis, living things 
gained access to sufficient energy, allowing them to evolve new structures 
and achieve the biodiversity that is evident today. 


Only certain organisms, called autotrophs, can perform photosynthesis; they 
require the presence of chlorophyll, a specialized pigment that can absorb 
light and convert light energy into chemical energy. Photosynthesis uses 
carbon dioxide and water to assemble carbohydrate molecules (usually 
glucose) and releases oxygen into the air. Eukaryotic autotrophs, such as 
plants and algae, have organelles called chloroplasts in which 
photosynthesis takes place. 


Art Connections 


Exercise: 


Problem: 


[link] On a hot, dry day, plants close their stomata to conserve water. 
What impact will this have on photosynthesis? 


Solution: 


[link] Levels of carbon dioxide (a reactant) will fall, and levels of 
oxygen (a product) will rise. As a result, the rate of photosynthesis will 
slow down. 


Multiple Choice 


Exercise: 


Problem: What two products result from photosynthesis? 


a. water and carbon dioxide 
b. water and oxygen 

c. glucose and oxygen 

d. glucose and carbon dioxide 


Solution: 


C 
Exercise: 


Problem: 
Which statement about thylakoids in eukaryotes is not correct? 


a. Thylakoids are assembled into stacks. 
b. Thylakoids exist as a maze of folded membranes. 


c. The space surrounding thylakoids is called stroma. 
d. Thylakoids contain chlorophyll. 


Solution: 
B 
Exercise: 
Problem: From where does a heterotroph directly obtain its energy? 


a. the sun 

b. the sun and eating other organisms 
c. eating other organisms 

d. simple chemicals in the environment 


Solution: 


C 


Free Response 


Exercise: 


Problem: 


What is the overall purpose of the light reactions in photosynthesis? 


Solution: 


To convert solar energy into chemical energy that cells can use to do 
work. 


Exercise: 


Problem: 


Why are carnivores, such as lions, dependent on photosynthesis to 
survive? 


Solution: 


Because lions eat animals that eat plants. 


Glossary 


autotroph 
an organism capable of producing its own food 


chlorophyll 
the green pigment that captures the light energy that drives the 


reactions of photosynthesis 


chloroplast 
the organelle where photosynthesis takes place 


granum 
a stack of thylakoids located inside a chloroplast 


heterotroph 
an organism that consumes other organisms for food 


light-dependent reaction 


the first stage of photosynthesis where visible light is absorbed to form 


two energy-carrying molecules (ATP and NADPH) 


mesophyll 
the middle layer of cells in a leaf 


photoautotroph 


an organism capable of synthesizing its own food molecules (storing 


energy), using the energy of light 


pigment 
a molecule that is capable of absorbing light energy 


stoma 


the opening that regulates gas exchange and water regulation between 
leaves and the environment; plural: stomata 


stroma 
the fluid-filled space surrounding the grana inside a chloroplast where 
the Calvin cycle reactions of photosynthesis take place 


thylakoid 
a disc-shaped membranous structure inside a chloroplast where the 
light-dependent reactions of photosynthesis take place using 
chlorophyll embedded in the membranes 


Using Light Energy to Make Organic Molecules 
By the end of this section, you will be able to: 


e Describe the Calvin cycle 

e Define carbon fixation 

e Explain how photosynthesis works in the energy cycle of all living 
organisms 


After the energy from the sun is converted into chemical energy and 
temporarily stored in ATP and NADPH molecules, the cell has the fuel 
needed to build carbohydrate molecules for long-term energy storage. The 
products of the light-dependent reactions, ATP and NADPH, have lifespans 
in the range of millionths of seconds, whereas the products of the light- 
independent reactions (carbohydrates and other forms of reduced carbon) 
can survive for hundreds of millions of years. The carbohydrate molecules 
made will have a backbone of carbon atoms. Where does the carbon come 
from? It comes from carbon dioxide, the gas that is a waste product of 
respiration in microbes, fungi, plants, and animals. 


The Calvin Cycle 


In plants, carbon dioxide (CO>) enters the leaves through stomata, where it 
diffuses over short distances through intercellular spaces until it reaches the 
mesophyll cells. Once in the mesophyll cells, CO, diffuses into the stroma 
of the chloroplast—the site of light-independent reactions of 
photosynthesis. These reactions actually have several names associated with 
them. Another term, the Calvin cycle, is named for the man who discovered 
it, and because these reactions function as a cycle. Others call it the Calvin- 
Benson cycle to include the name of another scientist involved in its 
discovery. The most outdated name is dark reactions, because light is not 
directly required ([{link]). However, the term dark reaction can be 
misleading because it implies incorrectly that the reaction only occurs at 
night or is independent of light, which is why most scientists and instructors 
no longer use it. 


Light-dependent reactions 
Hae 


Calvin cycle 


NADP*++H* NADPH CO, 
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Light reactions harness energy from the sun to produce 
chemical bonds, ATP, and NADPH. These energy-carrying 
molecules are made in the stroma where carbon fixation takes 
place. 


The light-independent reactions of the Calvin cycle can be organized into 
three basic stages: fixation, reduction, and regeneration. 


Stage 1: Fixation 


In the stroma, in addition to CO», two other components are present to 
initiate the light-independent reactions: an enzyme called ribulose-1,5- 
bisphosphate carboxylase/oxygenase (RuBisCO), and three molecules of 
ribulose bisphosphate (RUBP), as shown in [link]. RuBP has five atoms of 
carbon, flanked by two phosphates. 


Note: 
Art Connection 
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The Calvin cycle has three stages. In 
stage 1, the enzyme RuBisCO 
incorporates carbon dioxide into an 
organic molecule, 3-PGA. In stage 2, 
the organic molecule is reduced using 
electrons supplied by NADPH. In 
stage 3, RuBP, the molecule that starts 
the cycle, is regenerated so that the 
cycle can continue. Only one carbon 
dioxide molecule is incorporated at a 
time, so the cycle must be completed 
three times to produce a single three- 
carbon GA3P molecule, and six times 
to produce a six-carbon glucose 
molecule. 


Which of the following statements is true? 


a. In photosynthesis, oxygen, carbon dioxide, ATP, and NADPH are 
reactants. GA3P and water are products. 


b. In photosynthesis, chlorophyll, water, and carbon dioxide are 
reactants. GA3P and oxygen are products. 

c. In photosynthesis, water, carbon dioxide, ATP, and NADPH are 
reactants. RuBP and oxygen are products. 

d. In photosynthesis, water and carbon dioxide are reactants. GA3P and 
oxygen are products. 


RuBisCO catalyzes a reaction between CO, and RuBP. For each CO, 
molecule that reacts with one RuBP, two molecules of another compound 
(3-PGA) form. PGA has three carbons and one phosphate. Each turn of the 
cycle involves only one RuBP and one carbon dioxide and forms two 
molecules of 3-PGA. The number of carbon atoms remains the same, as the 
atoms move to form new bonds during the reactions (3 atoms from 3CO, + 
15 atoms from 3RuBP = 18 atoms in 3 atoms of 3-PGA). This process is 
called carbon fixation, because CO) is “fixed” from an inorganic form into 
organic molecules. 


Stage 2: Reduction 


ATP and NADPH are used to convert the six molecules of 3-PGA into six 
molecules of a chemical called glyceraldehyde 3-phosphate (G3P). That is a 
reduction reaction because it involves the gain of electrons by 3-PGA. 
Recall that a reduction is the gain of an electron by an atom or molecule. 
Six molecules of both ATP and NADPH are used. For ATP, energy is 
released with the loss of the terminal phosphate atom, converting it into 
ADP; for NADPH, both energy and a hydrogen atom are lost, converting it 
into NADP". Both of these molecules return to the nearby light-dependent 
reactions to be reused and reenergized. 


Stage 3: Regeneration 


Interestingly, at this point, only one of the G3P molecules leaves the Calvin 
cycle and is sent to the cytoplasm to contribute to the formation of other 
compounds needed by the plant. Because the G3P exported from the 
chloroplast has three carbon atoms, it takes three “turns” of the Calvin cycle 
to fix enough net carbon to export one G3P. But each turn makes two G3Ps, 
thus three turns make six G3Ps. One is exported while the remaining five 
G3P molecules remain in the cycle and are used to regenerate RuBP, which 
enables the system to prepare for more CO; to be fixed. Three more 
molecules of ATP are used in these regeneration reactions. 


Note: 
Link to Learning 
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This link leads to an animation of the Calvin cycle. Click stage 1, stage 2, 
and then stage 3 to see G3P and ATP regenerate to form RuBP. 


Note: 

Evolution Connection 

Photosynthesis 

During the evolution of photosynthesis, a major shift occurred from the 
bacterial type of photosynthesis that involves only one photosystem and is 
typically anoxygenic (does not generate oxygen) into modern oxygenic 
(does generate oxygen) photosynthesis, employing two photosystems. This 
modern oxygenic photosynthesis is used by many organisms—from giant 
tropical leaves in the rainforest to tiny cyanobacterial cells—and the 
process and components of this photosynthesis remain largely the same. 
Photosystems absorb light and use electron transport chains to convert 
energy into the chemical energy of ATP and NADH. The subsequent light- 


independent reactions then assemble carbohydrate molecules with this 
energy. 

Photosynthesis in desert plants has evolved adaptations that conserve 
water. In the harsh dry heat, every drop of water must be used to survive. 
Because stomata must open to allow for the uptake of CO», water escapes 
from the leaf during active photosynthesis. Desert plants have evolved 
processes to conserve water and deal with harsh conditions. A more 
efficient use of CO> allows plants to adapt to living with less water. Some 
plants such as cacti ({link]) can prepare materials for photosynthesis during 
the night by a temporary carbon fixation/storage process, because opening 
the stomata at this time conserves water due to cooler temperatures. In 
addition, cacti have evolved the ability to carry out low levels of 
photosynthesis without opening stomata at all, an extreme mechanism to 
face extremely dry periods. 


The harsh conditions of 


the desert have led plants 

like these cacti to evolve 
variations of the light- 

independent reactions of 


photosynthesis. These 
variations increase the 
efficiency of water usage, 
helping to conserve water 
and energy. (credit: 
Piotr Wojtkowski) 


The Energy Cycle 


Whether the organism is a bacterium, plant, or animal, all living things 
access energy by breaking down carbohydrate molecules. But if plants 
make carbohydrate molecules, why would they need to break them down, 
especially when it has been shown that the gas organisms release as a 
“waste product” (CO>) acts as a substrate for the formation of more food in 
photosynthesis? Remember, living things need energy to perform life 
functions. In addition, an organism can either make its own food or eat 
another organism—either way, the food still needs to be broken down. 
Finally, in the process of breaking down food, called cellular respiration, 
heterotrophs release needed energy and produce “waste” in the form of CO» 
gas. 


In nature, there is no such thing as waste. Every single atom of matter and 
energy is conserved, recycling over and over infinitely. Substances change 
form or move from one type of molecule to another, but their constituent 
atoms never disappear ([link]). 


CO, is no more a form of waste than oxygen is wasteful to photosynthesis. 
Both are byproducts of reactions that move on to other reactions. 
Photosynthesis absorbs light energy to build carbohydrates in chloroplasts, 
and aerobic cellular respiration releases energy by using oxygen to 
metabolize carbohydrates in the cytoplasm and mitochondria. Both 
processes use electron transport chains to capture the energy necessary to 
drive other reactions. These two powerhouse processes, photosynthesis and 
cellular respiration, function in biological, cyclical harmony to allow 


organisms to access life-sustaining energy that originates millions of miles 
away in a burning star humans call the sun. 
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Photosynthesis consumes carbon dioxide and 
produces oxygen. Aerobic respiration 
consumes oxygen and produces carbon 
dioxide. These two processes play an 
important role in the carbon cycle. (credit: 
modification of work by Stuart Bassil) 


Section Summary 


Using the energy carriers formed in the first steps of photosynthesis, the 
light-independent reactions, or the Calvin cycle, take in CO, from the 
environment. An enzyme, RuBisCO, catalyzes a reaction with CO» and 
another molecule, RuBP. After three cycles, a three-carbon molecule of 
G3P leaves the cycle to become part of a carbohydrate molecule. The 


remaining G3P molecules stay in the cycle to be regenerated into RuBP, 
which is then ready to react with more CO). Photosynthesis forms an 
energy cycle with the process of cellular respiration. Plants need both 
photosynthesis and respiration for their ability to function in both the light 
and dark, and to be able to interconvert essential metabolites. Therefore, 
plants contain both chloroplasts and mitochondria. 


Art Connections 


Exercise: 


Problem: [link] Which of the following statements is true? 


a. In photosynthesis, oxygen, carbon dioxide, ATP, and NADPH are 
reactants. G3P and water are products. 

b. In photosynthesis, chlorophyll, water, and carbon dioxide are 
reactants. G3P and oxygen are products. 

c. In photosynthesis, water, carbon dioxide, ATP, and NADPH are 
reactants. RuBP and oxygen are products. 

d. In photosynthesis, water and carbon dioxide are reactants. G3P 
and oxygen are products. 


Solution: 


[link] D 


Review Questions 


Exercise: 


Problem: 


Which molecule must enter the Calvin cycle continually for the light- 
independent reactions to take place? 


a. RuBisCO 


b. RuBP 
c. 3-PGA 
d. CO5 


Solution: 


D 
Exercise: 


Problem: 
Which order of molecular conversions is correct for the Calvin cycle? 


a. RUBP + GBP — 3-PGA — sugar 

b. RuBisCO — COs — RuBP — G3P 

c. RuBP + CO, — [RuBisCO] 3-PGA — G3P 
d.CO, — 3-PGA — RuBP —~ G3P 


Solution: 


C 


Exercise: 


Problem: Where in eukaryotic cells does the Calvin cycle take place? 


a. thylakoid membrane 
b. thylakoid lumen 

c. chloroplast stroma 
d. granum 


Solution: 


C 


Exercise: 


Problem: Which statement correctly describes carbon fixation? 


a. the conversion of CO, into an organic compound 

b. the use of RuBisCO to form 3-PGA 

c. the production of carbohydrate molecules from G3P 
d. the formation of RuBP from G3P molecules 

e. the use of ATP and NADPH to reduce CO, 


Solution: 


A 


Free Response 


Exercise: 


Problem: 


Why is the third stage of the Calvin cycle called the regeneration 
stage? 


Solution: 


Because RuBP, the molecule needed at the start of the cycle, is 
regenerated from G3P. 

Exercise: 
Problem: 


Which part of the light-independent reactions would be affected if a 
cell could not produce the enzyme RuBisCO? 


Solution: 


None of the cycle could take place, because RuBisCO is essential in 
fixing carbon dioxide. Specifically, RuBisCO catalyzes the reaction 


between carbon dioxide and RuBP at the start of the cycle. 
Exercise: 
Problem: 


Why does it take three turns of the Calvin cycle to produce G3P, the 
initial product of photosynthesis? 


Solution: 


Because G3P has three carbon atoms, and each turn of the cycle takes 
in one carbon atom in the form of carbon dioxide. 


Glossary 


Calvin cycle 
light-independent reactions of photosynthesis that convert carbon 
dioxide from the atmosphere into carbohydrates using the energy and 
reducing power of ATP and NADPH 


carbon fixation 
process of converting inorganic CO, gas into organic compounds 


reduction 
gain of electron(s) by an atom or molecule 


The Light-Dependent Reactions of Photosynthesis 
By the end of this section, you will be able to: 


e Explain how plants absorb energy from sunlight 
¢ Describe short and long wavelengths of light 
e Describe how and where photosynthesis takes place within a plant 


How can light be used to make food? When a person turns on a lamp, 
electrical energy becomes light energy. Like all other forms of kinetic 
energy, light can travel, change form, and be harnessed to do work. In the 
case of photosynthesis, light energy is converted into chemical energy, 
which photoautotrophs use to build carbohydrate molecules ({link]). 
However, autotrophs only use a few specific components of sunlight. 


Photoautotrophs can capture 
light energy from the sun, 
converting it into the chemical 
energy used to build food 
molecules. (credit: Gerry 
Atwell) 


What Is Light Energy? 


The sun emits an enormous amount of electromagnetic radiation (solar 
energy). Humans can see only a fraction of this energy, which portion is 
therefore referred to as “visible light.” The manner in which solar energy 
travels is described as waves. Scientists can determine the amount of energy 
of a wave by measuring its wavelength, the distance between consecutive 
points of a wave. A single wave is measured from two consecutive points, 
such as from crest to crest or from trough to trough ([link]). 


Energy Wave 
Wavelength 


The wavelength of a single wave 
is the distance between two 
consecutive points of similar 
position (two crests or two 
troughs) along the wave. 


Visible light constitutes only one of many types of electromagnetic 
radiation emitted from the sun and other stars. Scientists differentiate the 
various types of radiant energy from the sun within the electromagnetic 
spectrum. The electromagnetic spectrum is the range of all possible 


frequencies of radiation ({link]). The difference between wavelengths 
relates to the amount of energy carried by them. 


Green Yellow Orange Red 
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The sun emits energy in the form of electromagnetic radiation. This 
radiation exists at different wavelengths, each of which has its own 
characteristic energy. All electromagnetic radiation, including visible 
light, is characterized by its wavelength. 


Each type of electromagnetic radiation travels at a particular wavelength. 
The longer the wavelength (or the more stretched out it appears in the 
diagram), the less energy is carried. Short, tight waves carry the most 
energy. This may seem illogical, but think of it in terms of a piece of 
moving a heavy rope. It takes little effort by a person to move a rope in 
long, wide waves. To make a rope move in short, tight waves, a person 
would need to apply significantly more energy. 


The electromagnetic spectrum ([link]) shows several types of 
electromagnetic radiation originating from the sun, including X-rays and 
ultraviolet (UV) rays. The higher-energy waves can penetrate tissues and 


damage cells and DNA, explaining why both X-rays and UV rays can be 
harmful to living organisms. 


Absorption of Light 


Light energy initiates the process of photosynthesis when pigments absorb 
the light. Organic pigments, whether in the human retina or the chloroplast 
thylakoid, have a narrow range of energy levels that they can absorb. 
Energy levels lower than those represented by red light are insufficient to 
raise an orbital electron to a populatable, excited (quantum) state. Energy 
levels higher than those in blue light will physically tear the molecules 
apart, called bleaching. So retinal pigments can only “see” (absorb) 700 nm 
to 400 nm light, which is therefore called visible light. For the same 
reasons, plants pigment molecules absorb only light in the wavelength 
range of 700 nm to 400 nm; plant physiologists refer to this range for plants 
as photosynthetically active radiation. 


The visible light seen by humans as white light actually exists in a rainbow 
of colors. Certain objects, such as a prism or a drop of water, disperse white 
light to reveal the colors to the human eye. The visible light portion of the 
electromagnetic spectrum shows the rainbow of colors, with violet and blue 
having shorter wavelengths, and therefore higher energy. At the other end 
of the spectrum toward red, the wavelengths are longer and have lower 
energy ((Llink]). 
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The colors of visible light do not carry the same amount of energy. 
Violet has the shortest wavelength and therefore carries the most 
energy, whereas red has the longest wavelength and carries the least 
amount of energy. (credit: modification of work by NASA) 


Understanding Pigments 


Different kinds of pigments exist, and each has evolved to absorb only 
certain wavelengths (colors) of visible light. Pigments reflect or transmit the 
wavelengths they cannot absorb, making them appear in the corresponding 
color. 


Chlorophylls and carotenoids are the two major classes of photosynthetic 
pigments found in plants and algae; each class has multiple types of 
pigment molecules. There are five major chlorophylls: a, b, c and d anda 
related molecule found in prokaryotes called bacteriochlorophyll. 
Chlorophyll a and chlorophyll b are found in higher plant chloroplasts and 
will be the focus of the following discussion. 


With dozens of different forms, carotenoids are a much larger group of 
pigments. The carotenoids found in fruit—such as the red of tomato 
(lycopene), the yellow of corn seeds (zeaxanthin), or the orange of an 
orange peel ((-carotene)—are used as advertisements to attract seed 
dispersers. In photosynthesis, carotenoids function as photosynthetic 
pigments that are very efficient molecules for the disposal of excess energy. 
When a leaf is exposed to full sun, the light-dependent reactions are 
required to process an enormous amount of energy; if that energy is not 
handled properly, it can do significant damage. Therefore, many carotenoids 
reside in the thylakoid membrane, absorb excess energy, and safely 
dissipate that energy as heat. 


Each type of pigment can be identified by the specific pattern of 
wavelengths it absorbs from visible light, which is the absorption 
spectrum. The graph in [link] shows the absorption spectra for chlorophyll 
a, chlorophyll b, and a type of carotenoid pigment called B-carotene (which 
absorbs blue and green light). Notice how each pigment has a distinct set of 
peaks and troughs, revealing a highly specific pattern of absorption. 
Chlorophyll a absorbs wavelengths from either end of the visible spectrum 
(blue and red), but not green. Because green is reflected or transmitted, 
chlorophyll appears green. Carotenoids absorb in the short-wavelength blue 
region, and reflect the longer yellow, red, and orange wavelengths. 
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(a) Chlorophyll a, (b) chlorophyll b, and (c) B-carotene are 
hydrophobic organic pigments found in the thylakoid 
membrane. Chlorophyll a and b, which are identical except for 
the part indicated in the red box, are responsible for the green 
color of leaves. B-carotene is responsible for the orange color 
in carrots. Each pigment has (d) a unique absorbance spectrum. 


Many photosynthetic organisms have a mixture of pigments; using them, 
the organism can absorb energy from a wider range of wavelengths. Not all 
photosynthetic organisms have full access to sunlight. Some organisms 
grow underwater where light intensity and quality decrease and change with 
depth. Other organisms grow in competition for light. Plants on the 
rainforest floor must be able to absorb any bit of light that comes through, 


because the taller trees absorb most of the sunlight and scatter the 
remaining solar radiation ([link]). 


Plants that commonly grow in the shade 
have adapted to low levels of light by 
changing the relative concentrations of 
their chlorophyll pigments. (credit: Jason 
Hollinger) 


When studying a photosynthetic organism, scientists can determine the 
types of pigments present by generating absorption spectra. An instrument 
called a spectrophotometer can differentiate which wavelengths of light a 
substance can absorb. Spectrophotometers measure transmitted light and 
compute from it the absorption. By extracting pigments from leaves and 
placing these samples into a spectrophotometer, scientists can identify 
which wavelengths of light an organism can absorb. Additional methods for 
the identification of plant pigments include various types of 
chromatography that separate the pigments by their relative affinities to 
solid and mobile phases. 


How Light-Dependent Reactions Work 


The overall function of light-dependent reactions is to convert solar energy 
into chemical energy in the form of NADPH and ATP. This chemical 
energy supports the light-independent reactions and fuels the assembly of 
sugar molecules. The light-dependent reactions are depicted in [link]. 


Protein complexes and pigment molecules work together to produce 
NADPH and ATP. 


(a) Photosystem II (P680) 
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A photosystem consists of a light- 
harvesting complex and a reaction 
center. Pigments in the light- 
harvesting complex pass light 
energy to two special chlorophyll 
a molecules in the reaction center. 
The light excites an electron from 
the chlorophyll a pair, which 
passes to the primary electron 


acceptor. The excited electron 
must then be replaced. In (a) 
photosystem II, the electron comes 
from the splitting of water, which 
releases oxygen as a waste 
product. In (b) photosystem I, the 
electron comes from the 
chloroplast electron transport 
chain discussed below. 


The actual step that converts light energy into chemical energy takes place 
in a multiprotein complex called a photosystem, two types of which are 
found embedded in the thylakoid membrane, photosystem II (PSII) and 
photosystem I (PSI) ((link]). The two complexes differ on the basis of what 
they oxidize (that is, the source of the low-energy electron supply) and what 
they reduce (the place to which they deliver their energized electrons). 


Both photosystems have the same basic structure; a number of antenna 
proteins to which the chlorophyll molecules are bound surround the 
reaction center where the photochemistry takes place. Each photosystem is 
serviced by the light-harvesting complex, which passes energy from 
sunlight to the reaction center; it consists of multiple antenna proteins that 
contain a mixture of 300—400 chlorophyll a and b molecules as well as 
other pigments like carotenoids. The absorption of a single photon or 
distinct quantity or “packet” of light by any of the chlorophylls pushes that 
molecule into an excited state. In short, the light energy has now been 
captured by biological molecules but is not stored in any useful form yet. 
The energy is transferred from chlorophyll to chlorophyll until eventually 
(after about a millionth of a second), it is delivered to the reaction center. 
Up to this point, only energy has been transferred between molecules, not 
electrons. 


Note: 


Art Connection 
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In the photosystem II (PSII) reaction center, 
energy from sunlight is used to extract electrons 
from water. The electrons travel through the 
chloroplast electron transport chain to 
photosystem I (PSI), which reduces NADP” to 
NADPH. The electron transport chain moves 
protons across the thylakoid membrane into the 
lumen. At the same time, splitting of water adds 
protons to the lumen, and reduction of NADPH 
removes protons from the stroma. The net result is 
a low pH in the thylakoid lumen, and a high pH in 
the stroma. ATP synthase uses this 
electrochemical gradient to make ATP. 


What is the initial source of electrons for the chloroplast electron transport 
chain? 


a. water 
b. oxygen 


c. carbon dioxide 
d. NADPH 


The reaction center contains a pair of chlorophyll a molecules with a 
special property. Those two chlorophylls can undergo oxidation upon 
excitation; they can actually give up an electron in a process called a 
photoact. It is at this step in the reaction center, this step in photosynthesis, 
that light energy is converted into an excited electron. All of the subsequent 
steps involve getting that electron onto the energy carrier NADPH for 
delivery to the Calvin cycle where the electron is deposited onto carbon for 
long-term storage in the form of a carbohydrate.PSII and PSI are two major 
components of the photosynthetic electron transport chain, which also 
includes the cytochrome complex. The cytochrome complex, an enzyme 
composed of two protein complexes, transfers the electrons from the carrier 
molecule plastoquinone (Pq) to the protein plastocyanin (Pc), thus enabling 
both the transfer of protons across the thylakoid membrane and the transfer 
of electrons from PSII to PSI. 


The reaction center of PSII (called P680) delivers its high-energy electrons, 
one at the time, to the primary electron acceptor, and through the electron 
transport chain (Pq to cytochrome complex to plastocyanine) to PSI. P680’s 
missing electron is replaced by extracting a low-energy electron from water; 
thus, water is split and PSII is re-reduced after every photoact. Splitting one 
H,O molecule releases two electrons, two hydrogen atoms, and one atom of 
oxygen. Splitting two molecules is required to form one molecule of 
diatomic O> gas. About 10 percent of the oxygen is used by mitochondria in 
the leaf to support oxidative phosphorylation. The remainder escapes to the 
atmosphere where it is used by aerobic organisms to support respiration. 


As electrons move through the proteins that reside between PSII and PSI, 
they lose energy. That energy is used to move hydrogen atoms from the 
stromal side of the membrane to the thylakoid lumen. Those hydrogen 
atoms, plus the ones produced by splitting water, accumulate in the 
thylakoid lumen and will be used synthesize ATP in a later step. Because 
the electrons have lost energy prior to their arrival at PSI, they must be re- 


energized by PSI, hence, another photon is absorbed by the PSI antenna. 
That energy is relayed to the PSI reaction center (called P700). P700 is 
oxidized and sends a high-energy electron to NADP” to form NADPH. 
Thus, PSII captures the energy to create proton gradients to make ATP, and 
PSI captures the energy to reduce NADP" into NADPH. The two 
photosystems work in concert, in part, to guarantee that the production of 
NADPH will roughly equal the production of ATP. Other mechanisms exist 
to fine tune that ratio to exactly match the chloroplast’s constantly changing 
energy needs. 


Generating an Energy Carrier: ATP 


As in the intermembrane space of the mitochondria during cellular 
respiration, the buildup of hydrogen ions inside the thylakoid lumen creates 
a concentration gradient. The passive diffusion of hydrogen ions from high 
concentration (in the thylakoid lumen) to low concentration (in the stroma) 
is harnessed to create ATP, just as in the electron transport chain of cellular 
respiration. The ions build up energy because of diffusion and because they 
all have the same electrical charge, repelling each other. 


To release this energy, hydrogen ions will rush through any opening, similar 
to water jetting through a hole in a dam. In the thylakoid, that opening is a 
passage through a specialized protein channel called the ATP synthase. The 
energy released by the hydrogen ion stream allows ATP synthase to attach a 
third phosphate group to ADP, which forms a molecule of ATP ({link]). The 
flow of hydrogen ions through ATP synthase is called chemiosmosis 
because the ions move from an area of high to an area of low concentration 
through a semi-permeable structure. 


Note: 
Link to Learning 
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Watch this video to view the process of photosynthesis within a leaf. 


Section Summary 


The pigments of the first part of photosynthesis, the light-dependent 
reactions, absorb energy from sunlight. A photon strikes the antenna 
pigments of photosystem II to initiate photosynthesis. The energy travels to 
the reaction center that contains chlorophyll a to the electron transport 
chain, which pumps hydrogen ions into the thylakoid interior. This action 
builds up a high concentration of ions. The ions flow through ATP synthase 
via chemiosmosis to form molecules of ATP, which are used for the 
formation of sugar molecules in the second stage of photosynthesis. 
Photosystem I absorbs a second photon, which results in the formation of an 
NADPH molecule, another energy and reducing power carrier for the light- 
independent reactions. 


Art Connections 


Exercise: 


Problem: 


[link] What is the source of electrons for the chloroplast electron 
transport chain? 


a. Water 

b. Oxygen 

c. Carbon dioxide 
d. NADPH 


Solution: 


[link] A. 


Review Questions 


Exercise: 
Problem: 


Which of the following structures is not a component of a 
photosystem? 


a. ATP synthase 

b. antenna molecule 

c. reaction center 

d. primary electron acceptor 


Solution: 


A 
Exercise: 


Problem: 


How many photons does it take to fully reduce one molecule of 
NADP* to NADPH? 
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Solution: 


B 
Exercise: 


Problem: 


Which complex is not involved in the establishment of conditions for 
ATP synthesis? 


a. photosystem I 

b. ATP synthase 

c. photosystem II 

d. cytochrome complex 


Solution: 


C 
Exercise: 


Problem: 


From which component of the light-dependent reactions does NADPH 
form most directly? 


a. photosystem II 

b. photosystem I 

c. cytochrome complex 
d. ATP synthase 


Solution: 


B 


Free Response 


Exercise: 


Problem: 


Describe the pathway of electron transfer from photosystem II to 
photosystem I in light-dependent reactions. 


Solution: 


A photon of light hits an antenna molecule in photosystem II, and the 
energy released by it travels through other antenna molecules to the 
reaction center. The energy causes an electron to leave a molecule of 
chlorophyll a to a primary electron acceptor protein. The electron 
travels through the electron transport chain and is accepted by a 
pigment molecule in photosystem I. 


Exercise: 


Problem: What are the roles of ATP and NADPH in photosynthesis? 
Solution: 


Both of these molecules carry energy; in the case of NADPH, it has 
reducing power that is used to fuel the process of making carbohydrate 
molecules in light-independent reactions. 


Glossary 


absorption spectrum 
range of wavelengths of electromagnetic radiation absorbed by a given 
substance 


antenna protein 
pigment molecule that directly absorbs light and transfers the energy 
absorbed to other pigment molecules 


carotenoid 
photosynthetic pigment that functions to dispose of excess energy 


chlorophyll a 
form of chlorophyll that absorbs violet-blue and red light and 
consequently has a bluish-green color; the only pigment molecule that 
performs the photochemistry by getting excited and losing an electron 
to the electron transport chain 


chlorophyll b 
accessory pigment that absorbs blue and red-orange light and 
consequently has a yellowish-green tint 


cytochrome complex 
group of reversibly oxidizable and reducible proteins that forms part of 
the electron transport chain between photosystem II and photosystem I 


electromagnetic spectrum 
range of all possible frequencies of radiation 


electron transport chain 
group of proteins between PSII and PSI that pass energized electrons 
and use the energy released by the electrons to move hydrogen ions 
against their concentration gradient into the thylakoid lumen 


light harvesting complex 
complex that passes energy from sunlight to the reaction center in each 
photosystem; it consists of multiple antenna proteins that contain a 
mixture of 300-400 chlorophyll a and b molecules as well as other 
pigments like carotenoids 


P680 
reaction center of photosystem II 


P700 
reaction center of photosystem I 


photoact 
ejection of an electron from a reaction center using the energy of an 
absorbed photon 


photon 
distinct quantity or “packet” of light energy 


photosystem 
group of proteins, chlorophyll, and other pigments that are used in the 
light-dependent reactions of photosynthesis to absorb light energy and 
convert it into chemical energy 


photosystem I 
integral pigment and protein complex in thylakoid membranes that 
uses light energy to transport electrons from plastocyanin to NADP* 
(which becomes reduced to NADPH in the process) 


photosystem II 
integral protein and pigment complex in thylakoid membranes that 
transports electrons from water to the electron transport chain; oxygen 
is a product of PSII 


primary electron acceptor 
pigment or other organic molecule in the reaction center that accepts 
an energized electron from the reaction center 


reaction center 
complex of chlorophyll molecules and other organic molecules that is 
assembled around a special pair of chlorophyll molecules and a 
primary electron acceptor; capable of undergoing oxidation and 
reduction 


spectrophotometer 
instrument that can measure transmitted light and compute the 
absorption 


wavelength 
distance between consecutive points of equal position (two crests or 
two troughs) of a wave in a graphic representation; inversely 
proportional to the energy of the radiation 


Introduction 
class="introduction" 


Seedless 
plants, like 
these 
horsetails 
(Equisetum 
sp.), thrive in 
damp, 
shaded 
environment 
S under a tree 
canopy 
where 
dryness is 
rare. (credit: 
modification 
of work by 
Jerry 
Kirkhart) 


An incredible variety of seedless plants populates the terrestrial landscape. 
Mosses may grow on a tree trunk, and horsetails may display their jointed 
stems and spindly leaves across the forest floor. Today, seedless plants 
represent only a small fraction of the plants in our environment; yet, three 
hundred million years ago, seedless plants dominated the landscape and 
grew in the enormous swampy forests of the Carboniferous period. Their 
decomposition created large deposits of coal that we mine today. 


Current evolutionary thought holds that all plants—green algae as well as 
land dwellers—are monophyletic; that is, they are descendants of a single 
common ancestor. The evolutionary transition from water to land imposed 
severe constraints on plants. They had to develop strategies to avoid drying 
out, to disperse reproductive cells in air, for structural support, and for 
capturing and filtering sunlight. While seed plants developed adaptations 
that allowed them to populate even the most arid habitats on Earth, full 
independence from water did not happen in all plants. Most seedless plants 
still require a moist environment. 


Early Plant Life 
By the end of this section, you will be able to: 


e Discuss the challenges to plant life on land 

e Describe the adaptations that allowed plants to colonize the land 

e Describe the timeline of plant evolution and the impact of land plants 
on other living things 


The kingdom Plantae constitutes large and varied groups of organisms. 
There are more than 300,000 species of catalogued plants. Of these, more 
than 260,000 are seed plants. Mosses, ferns, conifers, and flowering plants 
are all members of the plant kingdom. Most biologists also consider green 
algae to be plants, although others exclude all algae from the plant 
kingdom. The reason for this disagreement stems from the fact that only 
green algae, the Charophytes, share common characteristics with land 
plants (such as using chlorophyll a and b plus carotene in the same 
proportion as plants). These characteristics are absent in other types of 
algae. 


Note: 

Evolution Connection 

Algae and Evolutionary Paths to Photosynthesis 

Some scientists consider all algae to be plants, while others assert that only 
the Charophytes belong in the kingdom Plantae. These divergent opinions 
are related to the different evolutionary paths to photosynthesis selected for 
in different types of algae. While all algae are photosynthetic—that is, they 
contain some form of a chloroplast—they didn’t all become photosynthetic 
via the same path. 

The ancestors to the green algae became photosynthetic by 
endosymbiosing a green, photosynthetic bacterium about 1.65 billion years 
ago. That algal line evolved into the Charophytes, and eventually into the 
modern mosses, ferns, gymnosperms, and angiosperms. Their evolutionary 
trajectory was relatively straight and monophyletic. In contrast, the other 
algae—red, brown, golden, stramenopiles, and so on—all became 
photosynthetic by secondary, or even tertiary, endosymbiotic events; that 
is, they endosymbiosed cells that had already endosymbiosed a 


cyanobacterium. These latecomers to photosynthesis are parallels to the 
Charophytes in terms of autotrophy, but they did not expand to the same 
extent as the Charophytes, nor did they colonize the land. 

The different views on whether all algae are Plantae arise from how these 
evolutionary paths are viewed. Scientists who solely track evolutionary 
straight lines (that is, monophyly), consider only the Charophytes as plants. 
To biologists who cast a broad net over living things that share a common 
characteristic (in this case, photosynthetic eukaryotes), all algae are plants. 


Note: 
Link to Learning 
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Go to this interactive website to get a more in-depth view of the 
Charophytes. 


Plant Adaptations to Life on Land 


As organisms adapted to life on land, they had to contend with several 
challenges in the terrestrial environment. Water has been described as “the 
stuff of life.” The cell’s interior is a watery soup: in this medium, most 
small molecules dissolve and diffuse, and the majority of the chemical 
reactions of metabolism take place. Desiccation, or drying out, is a constant 
danger for an organism exposed to air. Even when parts of a plant are close 
to a source of water, the aerial structures are likely to dry out. Water also 
provides buoyancy to organisms. On land, plants need to develop structural 
support in a medium that does not give the same lift as water. The organism 
is also subject to bombardment by mutagenic radiation, because air does not 


filter out ultraviolet rays of sunlight. Additionally, the male gametes must 
reach the female gametes using new strategies, because swimming is no 
longer possible. Therefore, both gametes and zygotes must be protected 
from desiccation. The successful land plants developed strategies to deal 
with all of these challenges. Not all adaptations appeared at once. Some 
species never moved very far from the aquatic environment, whereas others 
went on to conquer the driest environments on Earth. 


To balance these survival challenges, life on land offers several advantages. 
First, sunlight is abundant. Water acts as a filter, altering the spectral quality 
of light absorbed by the photosynthetic pigment chlorophyll. Second, 
carbon dioxide is more readily available in air than in water, since it 
diffuses faster in air. Third, land plants evolved before land animals; 
therefore, until dry land was colonized by animals, no predators threatened 
plant life. This situation changed as animals emerged from the water and 
fed on the abundant sources of nutrients in the established flora. In turn, 
plants developed strategies to deter predation: from spines and thorns to 
toxic chemicals. 


Early land plants, like the early land animals, did not live very far from an 
abundant source of water and developed survival strategies to combat 
dryness. One of these strategies is called tolerance. Many mosses, for 
example, can dry out to a brown and brittle mat, but as soon as rain or a 
flood makes water available, mosses will absorb it and are restored to their 
healthy green appearance. Another strategy is to colonize environments 
with high humidity, where droughts are uncommon. Ferns, which are 
considered an early lineage of plants, thrive in damp and cool places such 
as the understory of temperate forests. Later, plants moved away from moist 
or aquatic environments using resistance to desiccation, rather than 
tolerance. These plants, like cacti, minimize the loss of water to such an 
extent they can survive in extremely dry environments. 


The most successful adaptation solution was the development of new 
structures that gave plants the advantage when colonizing new and dry 
environments. Four major adaptations are found in all terrestrial plants: the 
alternation of generations, a sporangium in which the spores are formed, a 
gametangium that produces haploid cells, and apical meristem tissue in 


roots and shoots. The evolution of a waxy cuticle and a cell wall with lignin 
also contributed to the success of land plants. These adaptations are 
noticeably lacking in the closely related green algae—another reason for the 
debate over their placement in the plant kingdom. 


Alternation of Generations 


Alternation of generations describes a life cycle in which an organism has 
both haploid and diploid multicellular stages ({link]). 


Alternation of generations 
between the 1n gametophyte 
and 2n sporophyte is shown. 

(credit: Peter Coxhead) 


Haplontic refers to a lifecycle in which there is a dominant haploid stage, 
and diplontic refers to a lifecycle in which the diploid is the dominant life 
stage. Humans are diplontic. Most plants exhibit alternation of generations, 
which is described as haplodiplodontic: the haploid multicellular form, 
known as a gametophyte, is followed in the development sequence by a 
multicellular diploid organism: the sporophyte. The gametophyte gives rise 
to the gametes (reproductive cells) by mitosis. This can be the most obvious 
phase of the life cycle of the plant, as in the mosses, or it can occur ina 


microscopic structure, such as a pollen grain, in the higher plants (a 
common collective term for the vascular plants). The sporophyte stage is 
barely noticeable in lower plants (the collective term for the plant groups of 
mosses, liverworts, and lichens). Towering trees are the diplontic phase in 
the lifecycles of plants such as sequoias and pines. 


Protection of the embryo is a major requirement for land plants. The 
vulnerable embryo must be sheltered from desiccation and other 
environmental hazards. In both seedless and seed plants, the female 
gametophyte provides protection and nutrients to the embryo as it develops 
into the new generation of sporophyte. This distinguishing feature of land 
plants gave the group its alternate name of embryophytes. 


Sporangia in Seedless Plants 


The sporophyte of seedless plants is diploid and results from syngamy 
(fusion) of two gametes. The sporophyte bears the sporangia (singular, 
sporangium): organs that first appeared in the land plants. The term 
“sporangia” literally means “spore in a vessel,” as it is a reproductive sac 
that contains spores [link]. Inside the multicellular sporangia, the diploid 
sporocytes, or mother cells, produce haploid spores by meiosis, where the 
2n chromosome number is reduced to 1n (note that many plant sporophytes 
are polyploid: for example, durum wheat is tetraploid, bread wheat is 
hexaploid, and some ferns are 1000-ploid). The spores are later released by 
the sporangia and disperse in the environment. Two different types of 
spores are produced in land plants, resulting in the separation of sexes at 
different points in the lifecycle. Seedless non-vascular plants produce only 
one kind of spore and are called homosporous. The gametophyte phase is 
dominant in these plants. After germinating from a spore, the resulting 
gametophyte produces both male and female gametangia, usually on the 
same individual. In contrast, heterosporous plants produce two 
morphologically different types of spores. The male spores are called 
microspores, because of their smaller size, and develop into the male 
gametophyte; the comparatively larger megaspores develop into the female 
gametophyte. Heterospory is observed in a few seedless vascular plants 
and in all seed plants. 


Spore-producing sacs called 
sporangia grow at the ends of 
long, thin stalks in this photo of 
the moss Esporangios bryum. 
(credit: Javier Martin) 


When the haploid spore germinates in a hospitable environment, it 
generates a multicellular gametophyte by mitosis. The gametophyte 
supports the zygote formed from the fusion of gametes and the resulting 
young sporophyte (vegetative form). The cycle then begins anew. 


The spores of seedless plants are surrounded by thick cell walls containing 
a tough polymer known as sporopollenin. This complex substance is 
characterized by long chains of organic molecules related to fatty acids and 
carotenoids: hence the yellow color of most pollen. Sporopollenin is 
unusually resistant to chemical and biological degradation. In seed plants, 
which use pollen to transfer the male sperm to the female egg, the 
toughness of sporopollenin explains the existence of well-preserved pollen 
fossils. Sporopollenin was once thought to be an innovation of land plants; 
however, the green algae Coleochaetes forms spores that contain 
sporopollenin. 


Gametangia in Seedless Plants 


Gametangia (singular, gametangium) are structures observed on 
multicellular haploid gametophytes. In the gametangia, precursor cells give 
rise to gametes by mitosis. The male gametangium (antheridium) releases 
sperm. Many seedless plants produce sperm equipped with flagella that 
enable them to swim in a moist environment to the archegonia: the female 
gametangium. The embryo develops inside the archegonium as the 
sporophyte. Gametangia are prominent in seedless plants, but are very 
rarely found in seed plants. 


Apical Meristems 


Shoots and roots of plants increase in length through rapid cell division in a 
tissue called the apical meristem, which is a small zone of cells found at the 
shoot tip or root tip ([link]). The apical meristem is made of 
undifferentiated cells that continue to proliferate throughout the life of the 
plant. Meristematic cells give rise to all the specialized tissues of the 
organism. Elongation of the shoots and roots allows a plant to access 
additional space and resources: light in the case of the shoot, and water and 
minerals in the case of roots. A separate meristem, called the lateral 
meristem, produces cells that increase the diameter of tree trunks. 


Apical meristem 


Root cap 


Addition of new cells in a 
root occurs at the apical 


meristem. Subsequent 
enlargement of these cells 
causes the organ to grow and 
elongate. The root cap 
protects the fragile apical 
meristem as the root tip is 
pushed through the soil by 
cell elongation. 


Additional Land Plant Adaptations 


As plants adapted to dry land and became independent from the constant 
presence of water in damp habitats, new organs and structures made their 
appearance. Early land plants did not grow more than a few inches off the 
ground, competing for light on these low mats. By developing a shoot and 
growing taller, individual plants captured more light. Because air offers 
substantially less support than water, land plants incorporated more rigid 
molecules in their stems (and later, tree trunks). In small plants such as 
single-celled algae, simple diffusion suffices to distribute water and 
nutrients throughout the organism. However, for plants to evolve larger 
forms, the evolution of vascular tissue for the distribution of water and 
solutes was a prerequisite. The vascular system contains xylem and phloem 
tissues. Xylem conducts water and minerals absorbed from the soil up to the 
shoot, while phloem transports food derived from photosynthesis 
throughout the entire plant. A root system evolved to take up water and 
minerals from the soil, and to anchor the increasingly taller shoot in the soil. 


In land plants, a waxy, waterproof cover called a cuticle protects the leaves 
and stems from desiccation. However, the cuticle also prevents intake of 
carbon dioxide needed for the synthesis of carbohydrates through 
photosynthesis. To overcome this, stomata or pores that open and close to 
regulate traffic of gases and water vapor appeared in plants as they moved 
away from moist environments into drier habitats. 


Water filters ultraviolet-B (UVB) light, which is harmful to all organisms, 
especially those that must absorb light to survive. This filtering does not 
occur for land plants. This presented an additional challenge to land 
colonization, which was met by the evolution of biosynthetic pathways for 
the synthesis of protective flavonoids and other compounds: pigments that 
absorb UV wavelengths of light and protect the aerial parts of plants from 
photodynamic damage. 


Plants cannot avoid being eaten by animals. Instead, they synthesize a large 
range of poisonous secondary metabolites: complex organic molecules such 
as alkaloids, whose noxious smells and unpleasant taste deter animals. 
These toxic compounds can also cause severe diseases and even death, thus 
discouraging predation. Humans have used many of these compounds for 
centuries as drugs, medications, or spices. In contrast, as plants co-evolved 
with animals, the development of sweet and nutritious metabolites lured 
animals into providing valuable assistance in dispersing pollen grains, fruit, 
or seeds. Plants have been enlisting animals to be their helpers in this way 
for hundreds of millions of years. 


Evolution of Land Plants 


No discussion of the evolution of plants on land can be undertaken without 
a brief review of the timeline of the geological eras. The early era, known 
as the Paleozoic, is divided into six periods. It starts with the Cambrian 
period, followed by the Ordovician, Silurian, Devonian, Carboniferous, and 
Permian. The major event to mark the Ordovician, more than 500 million 
years ago, was the colonization of land by the ancestors of modern land 
plants. Fossilized cells, cuticles, and spores of early land plants have been 
dated as far back as the Ordovician period in the early Paleozoic era. The 
oldest-known vascular plants have been identified in deposits from the 
Devonian. One of the richest sources of information is the Rhynie chert, a 
sedimentary rock deposit found in Rhynie, Scotland ([link]), where 
embedded fossils of some of the earliest vascular plants have been 
identified. 


(b) 


This Rhynie chert contains fossilized material from 
vascular plants. The area inside the circle contains 
bulbous underground stems called corms, and root- 
like structures called rhizoids. (credit b: modification 
of work by Peter Coxhead based on original image 
by “Smith609”/Wikimedia Commons; scale-bar data 
from Matt Russell) 


Paleobotanists distinguish between extinct species, as fossils, and extant 
species, which are still living. The extinct vascular plants, classified as 
zosterophylls and trimerophytes, most probably lacked true leaves and roots 
and formed low vegetation mats similar in size to modern-day mosses, 
although some trimetophytes could reach one meter in height. The later 
genus Cooksonia, which flourished during the Silurian, has been 
extensively studied from well-preserved examples. Imprints of Cooksonia 
show slender branching stems ending in what appear to be sporangia. From 
the recovered specimens, it is not possible to establish for certain whether 
Cooksonia possessed vascular tissues. Fossils indicate that by the end of the 
Devonian period, ferns, horsetails, and seed plants populated the landscape, 
giving rising to trees and forests. This luxuriant vegetation helped enrich 


the atmosphere in oxygen, making it easier for air-breathing animals to 
colonize dry land. Plants also established early symbiotic relationships with 
fungi, creating mycorrhizae: a relationship in which the fungal network of 
filaments increases the efficiency of the plant root system, and the plants 
provide the fungi with byproducts of photosynthesis. 


Note: 

Career Connection 

Paleobotanist 

How organisms acquired traits that allow them to colonize new 
environments—and how the contemporary ecosystem is shaped—are 
fundamental questions of evolution. Paleobotany (the study of extinct 
plants) addresses these questions through the analysis of fossilized 
specimens retrieved from field studies, reconstituting the morphology of 
organisms that disappeared long ago. Paleobotanists trace the evolution of 
plants by following the modifications in plant morphology: shedding light 
on the connection between existing plants by identifying common 
ancestors that display the same traits. This field seeks to find transitional 
species that bridge gaps in the path to the development of modern 
organisms. Fossils are formed when organisms are trapped in sediments or 
environments where their shapes are preserved. Paleobotanists collect 
fossil specimens in the field and place them in the context of the geological 
sediments and other fossilized organisms surrounding them. The activity 
requires great care to preserve the integrity of the delicate fossils and the 
layers of rock in which they are found. 

One of the most exciting recent developments in paleobotany is the use of 
analytical chemistry and molecular biology to study fossils. Preservation of 
molecular structures requires an environment free of oxygen, since 
oxidation and degradation of material through the activity of 
microorganisms depend on its presence. One example of the use of 
analytical chemistry and molecular biology is the identification of 
oleanane, a compound that deters pests. Up to this point, oleanane 
appeared to be unique to flowering plants; however, it has now been 
recovered from sediments dating from the Permian, much earlier than the 
current dates given for the appearance of the first flowering plants. 


Paleobotanists can also study fossil DNA, which can yield a large amount 
of information, by analyzing and comparing the DNA sequences of extinct 
plants with those of living and related organisms. Through this analysis, 
evolutionary relationships can be built for plant lineages. 

Some paleobotanists are skeptical of the conclusions drawn from the 
analysis of molecular fossils. For example, the chemical materials of 
interest degrade rapidly when exposed to air during their initial isolation, 
as well as in further manipulations. There is always a high risk of 
contaminating the specimens with extraneous material, mostly from 
microorganisms. Nevertheless, as technology is refined, the analysis of 
DNA from fossilized plants will provide invaluable information on the 
evolution of plants and their adaptation to an ever-changing environment. 


The Major Divisions of Land Plants 


The green algae and land plants are grouped together into a subphylum 
called the Streptophytina, and thus are called Streptophytes. In a further 
division, land plants are classified into two major groups according to the 
absence or presence of vascular tissue, as detailed in [link]. Plants that lack 
vascular tissue, which is formed of specialized cells for the transport of 
water and nutrients, are referred to as non-vascular plants. Liverworts, 
mosses, and hornworts are seedless, non-vascular plants that likely 
appeared early in land plant evolution. Vascular plants developed a network 
of cells that conduct water and solutes. The first vascular plants appeared in 
the late Ordovician and were probably similar to lycophytes, which include 
club mosses (not to be confused with the mosses) and the pterophytes 
(ferns, horsetails, and whisk ferns). Lycophytes and pterophytes are referred 
to as seedless vascular plants, because they do not produce seeds. The seed 
plants, or spermatophytes, form the largest group of all existing plants, and 
hence dominate the landscape. Seed plants include gymnosperms, most 
notably conifers (Gymnosperms), which produce “naked seeds,” and the 
most successful of all plants, the flowering plants (Angiosperms). 
Angiosperms protect their seeds inside chambers at the center of a flower; 
the walls of the chamber later develop into a fruit. 


Note: 
Art Connection 


Liver- Mosses Club Gymno-} Angio- 
worts Mosses sperms | sperms 
Spike 
Mosses 


This table shows the major divisions 
of green plants. 


Which of the following statements about plant divisions is false? 


a. Lycophytes and pterophytes are seedless vascular plants. 
b. All vascular plants produce seeds. 

c. All nonvascular embryophytes are bryophytes. 

d. Seed plants include angiosperms and gymnosperms. 


Section Summary 


Land plants acquired traits that made it possible to colonize land and 
survive out of the water. All land plants share the following characteristics: 
alternation of generations, with the haploid plant called a gametophyte, and 
the diploid plant called a sporophyte; protection of the embryo, formation 
of haploid spores in a sporangium, formation of gametes in a gametangium, 
and an apical meristem. Vascular tissues, roots, leaves, cuticle cover, and a 
tough outer layer that protects the spores contributed to the adaptation of 
plants to dry land. Land plants appeared about 500 million years ago in the 
Ordovician period. 


Art Connections 


Exercise: 
Problem: 


[link] Which of the following statements about plant divisions is false? 


a. Lycophytes and pterophytes are seedless vascular plants. 
b. All vascular plants produce seeds. 

c. All nonvascular embryophytes are bryophytes. 

d. Seed plants include angiosperms and gymnosperms. 


Solution: 


[link] B. 


Review Questions 


Exercise: 


Problem: 


The land plants are probably descendants of which of these groups? 


a. green algae 
b. red algae 

c. brown algae 
d. angiosperms 


Solution: 


A 


Exercise: 


Problem: Alternation of generations means that plants produce: 


a. only haploid multicellular organisms 

b. only diploid multicellular organisms 

c. only diploid multicellular organisms with single-celled haploid 
gametes 

d. both haploid and diploid multicellular organisms 


Solution: 


D 
Exercise: 


Problem: 


Which of the following traits of land plants allows them to grow in 
height? 


a. alternation of generations 
b. waxy cuticle 

c. tracheids 

d. sporopollenin 


Solution: 


C 


Free Response 


Exercise: 


Problem: 


Why did land plants lose some of the accessory pigments present in 
brown and red algae? 


Solution: 


Sunlight is not filtered by water or other algae on land; therefore, there 
is no need to collect light at additional wavelengths made available by 
other pigment coloration. 


Exercise: 


Problem: What is the difference between extant and extinct? 


Solution: 


Paleobotanists distinguish between extinct species, which no longer 
live, and extant species, which are still living. 


Glossary 


antheridium 
male gametangium 


archegonium 
female gametangium 


charophyte 
other term for green algae; considered the closest relative of land 
plants 


diplontic 
diploid stage is the dominant stage 


embryophyte 
other name for land plant; embryo is protected and nourished by the 
sporophyte 


extant 
still-living species 


extinct 
no longer existing species 


gametangium 
structure on the gametophyte in which gametes are produced 


haplodiplodontic 
haploid and diploid stages alternate 


haplontic 
haploid stage is the dominant stage 


heterosporous 
produces two types of spores 


homosporous 
produces one type of spore 


megaspore 
female spore 


microspore 
male spore 


non-vascular plant 
plant that lacks vascular tissue, which is formed of specialized cells for 
the transport of water and nutrients 


seedless vascular plant 
plant that does not produce seeds 


sporocyte 
diploid cell that produces spores by meiosis 


sporopollenin 
tough polymer surrounding the spore 


vascular plant 
plant containing a network of cells that conducts water and solutes 
through the organism 


Bryophytes 
By the end of this section, you will be able to: 


e Identify the main characteristics of bryophytes 

¢ Describe the distinguishing traits of liverworts, hornworts, and mosses 
¢ Chart the development of land adaptations in the bryophytes 

e Describe the events in the bryophyte lifecycle 


Bryophytes are the group of plants that are the closest extant relative of 
early terrestrial plants. The first bryophytes (liverworts) most likely 
appeared in the Ordovician period, about 450 million years ago. Because of 
the lack of lignin and other resistant structures, the likelihood of bryophytes 
forming fossils is rather small. Some spores protected by sporopollenin 
have survived and are attributed to early bryophytes. By the Silurian period, 
however, vascular plants had spread through the continents. This 
compelling fact is used as evidence that non-vascular plants must have 
preceded the Silurian period. 


More than 25,000 species of bryophytes thrive in mostly damp habitats, 
although some live in deserts. They constitute the major flora of 
inhospitable environments like the tundra, where their small size and 
tolerance to desiccation offer distinct advantages. They generally lack lignin 
and do not have actual tracheids (xylem cells specialized for water 
conduction). Rather, water and nutrients circulate inside specialized 
conducting cells. Although the term non-tracheophyte is more accurate, 
bryophytes are commonly called nonvascular plants. 


In a bryophyte, all the conspicuous vegetative organs—including the 
photosynthetic leaf-like structures, the thallus, stem, and the rhizoid that 
anchors the plant to its substrate—belong to the haploid organism or 
gametophyte. The sporophyte is barely noticeable. The gametes formed by 
bryophytes swim with a flagellum, as do gametes in a few of the 
tracheophytes. The sporangium—the multicellular sexual reproductive 
structure—is present in bryophytes and absent in the majority of algae. The 
bryophyte embryo also remains attached to the parent plant, which protects 
and nourishes it. This is a characteristic of land plants. 


The bryophytes are divided into three phyla: the liverworts or 
Hepaticophyta, the hornworts or Anthocerotophyta, and the mosses or true 
Bryophyta. 


Liverworts 


Liverworts (Hepaticophyta) are viewed as the plants most closely related 
to the ancestor that moved to land. Liverworts have colonized every 
terrestrial habitat on Earth and diversified to more than 7000 existing 
species ((link]). Some gametophytes form lobate green structures, as seen in 
[link]. The shape is similar to the lobes of the liver, and hence provides the 
origin of the name given to the phylum. 


This 1904 drawing shows the 
variety of forms of 
Hepaticophyta. 


A liverwort, Lunularia cruciata, 
displays its lobate, flat thallus. The 
organism in the photograph is in 
the gametophyte stage. 


Openings that allow the movement of gases may be observed in liverworts. 
However, these are not stomata, because they do not actively open and 
close. The plant takes up water over its entire surface and has no cuticle to 
prevent desiccation. [link] represents the lifecycle of a liverwort. The cycle 
starts with the release of haploid spores from the sporangium that developed 
on the sporophyte. Spores disseminated by wind or water germinate into 
flattened thalli attached to the substrate by thin, single-celled filaments. 
Male and female gametangia develop on separate, individual plants. Once 
released, male gametes swim with the aid of their flagella to the female 
gametangium (the archegonium), and fertilization ensues. The zygote grows 
into a small sporophyte still attached to the parent gametophyte. It will give 
rise, by meiosis, to the next generation of spores. Liverwort plants can also 
reproduce asexually, by the breaking of branches or the spreading of leaf 
fragments called gemmae. In this latter type of reproduction, the gemmae 
—small, intact, complete pieces of plant that are produced in a cup on the 


surface of the thallus (shown in [link])—are splashed out of the cup by 
raindrops. The gemmae then land nearby and develop into gametophytes. 
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The life cycle of a typical liverwort is shown. 
(credit: modification of work by Mariana Ruiz 
Villareal) 


Hornworts 


The hornworts (Anthocerotophyta) belong to the broad bryophyte group. 
They have colonized a variety of habitats on land, although they are never 
far from a source of moisture. The short, blue-green gametophyte is the 
dominant phase of the lifecycle of a hornwort. The narrow, pipe-like 


sporophyte is the defining characteristic of the group. The sporophytes 
emerge from the parent gametophyte and continue to grow throughout the 
life of the plant ([link]). 


Hornworts grow a tall and 
slender sporophyte. (credit: 
modification of work by 
Jason Hollinger) 


Stomata appear in the hornworts and are abundant on the sporophyte. 
Photosynthetic cells in the thallus contain a single chloroplast. Meristem 
cells at the base of the plant keep dividing and adding to its height. Many 
hornworts establish symbiotic relationships with cyanobacteria that fix 
nitrogen from the environment. 


The lifecycle of hornworts ([link]) follows the general pattern of alternation 
of generations. The gametophytes grow as flat thalli on the soil with 
embedded gametangia. Flagellated sperm swim to the archegonia and 
fertilize eggs. The zygote develops into a long and slender sporophyte that 
eventually splits open, releasing spores. Thin cells called pseudoelaters 
surround the spores and help propel them further in the environment. 
Unlike the elaters observed in horsetails, the hornwort pseudoelaters are 


single-celled structures. The haploid spores germinate and give rise to the 
next generation of gametophyte. 


sporophyte, 
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develops into 
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sporophyte. 


The alternation of generation in 
hornworts is shown. (credit: 
modification of work by 
“Smith609”/Wikimedia Commons 
based on original work by Mariana Ruiz 
Villareal) 


Mosses 


More than 10,000 species of mosses have been catalogued. Their habitats 
vary from the tundra, where they are the main vegetation, to the understory 
of tropical forests. In the tundra, the mosses’ shallow rhizoids allow them to 
fasten to a substrate without penetrating the frozen soil. Mosses slow down 


erosion, store moisture and soil nutrients, and provide shelter for small 
animals as well as food for larger herbivores, such as the musk ox. Mosses 
are very sensitive to air pollution and are used to monitor air quality. They 
are also sensitive to copper salts, so these salts are a common ingredient of 
compounds marketed to eliminate mosses from lawns. 


Mosses form diminutive gametophytes, which are the dominant phase of 
the lifecycle. Green, flat structures—resembling true leaves, but lacking 
vascular tissue—are attached in a spiral to a central stalk. The plants absorb 
water and nutrients directly through these leaf-like structures. Some mosses 
have small branches. Some primitive traits of green algae, such as 
flagellated sperm, are still present in mosses that are dependent on water for 
reproduction. Other features of mosses are clearly adaptations to dry land. 
For example, stomata are present on the stems of the sporophyte, and a 
primitive vascular system runs up the sporophyte’s stalk. Additionally, 
mosses are anchored to the substrate—whether it is soil, rock, or roof tiles 
—by multicellular rhizoids. These structures are precursors of roots. They 
originate from the base of the gametophyte, but are not the major route for 
the absorption of water and minerals. The lack of a true root system 
explains why it is so easy to rip moss mats from a tree trunk. The moss 
lifecycle follows the pattern of alternation of generations as shown in [link]. 
The most familiar structure is the haploid gametophyte, which germinates 
from a haploid spore and forms first a protonema—usually, a tangle of 
single-celled filaments that hug the ground. Cells akin to an apical meristem 
actively divide and give rise to a gametophore, consisting of a 
photosynthetic stem and foliage-like structures. Rhizoids form at the base of 
the gametophore. Gametangia of both sexes develop on separate 
gametophores. The male organ (the antheridium) produces many sperm, 
whereas the archegonium (the female organ) forms a single egg. At 
fertilization, the sperm swims down the neck to the venter and unites with 
the egg inside the archegonium. The zygote, protected by the archegonium, 
divides and grows into a sporophyte, still attached by its foot to the 
gametophyte. 


Note: 


Art Connection 
Life Cycle of a Typical Moss 
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This illustration shows 
the life cycle of mosses. 
(credit: modification of 
work by Mariana Ruiz 
Villareal) 


Which of the following statements about the moss life cycle is false? 


a. The mature gametophyte is haploid. 

b. The sporophyte produces haploid spores. 

c. The calyptra buds to form a mature gametophyte. 
d. The zygote is housed in the venter. 


The slender seta (plural, setae), as seen in [link], contains tubular cells that 
transfer nutrients from the base of the sporophyte (the foot) to the 


sporangium or capsule. 


This photograph shows the long 
slender stems, called setae, 
connected to capsules of the 
moss Thamnobryum 
alopecurum. (credit: 
modification of work by 
Hermann Schachner) 


A structure called a peristome increases the spread of spores after the tip of 
the capsule falls off at dispersal. The concentric tissue around the mouth of 
the capsule is made of triangular, close-fitting units, a little like “teeth”; 
these open and close depending on moisture levels, and periodically release 
spores. 


Section Summary 


Seedless nonvascular plants are small, having the gametophyte as the 
dominant stage of the lifecycle. Without a vascular system and roots, they 
absorb water and nutrients on all their exposed surfaces. Collectively 
known as bryophytes, the three main groups include the liverworts, the 
hornworts, and the mosses. Liverworts are the most primitive plants and are 


closely related to the first land plants. Hornworts developed stomata and 
possess a single chloroplast per cell. Mosses have simple conductive cells 
and are attached to the substrate by rhizoids. They colonize harsh habitats 
and can regain moisture after drying out. The moss sporangium is a 
complex structure that allows release of spores away from the parent plant. 


Art Connections 


Exercise: 


Problem: 


[link] Which of the following statements about the moss life cycle is 
false? 


a. The mature gametophyte is haploid. 

b. The sporophyte produces haploid spores. 

c. The rhizoid buds to form a mature gametophyte. 
d. The zygote is housed in the venter. 


Solution: 


[link] C. 


Review Questions 


Exercise: 


Problem: 
Which of the following structures is not found in bryophytes? 


a. a cellulose cell wall 
b. chloroplast 

c. sporangium 

d. root 


Solution: 


D 


Exercise: 


Problem: Stomata appear in which group of plants? 


a. Charales 
b. liverworts 
c. hornworts 
d. mosses 


Solution: 
C 


Exercise: 


Problem: The chromosome complement in a moss protonema is: 


a. In 

b. 2n 

C.3n 

d. varies with the size of the protonema 


Solution: 


A 


Exercise: 


Problem: Why do mosses grow well in the Arctic tundra? 


a. They grow better at cold temperatures. 
b. They do not require moisture. 


c. They do not have true roots and can grow on hard surfaces. 
d. There are no herbivores in the tundra. 
Solution: 


C 


Free Response 


Exercise: 


Problem: 


In areas where it rains often, mosses grow on roofs. How do mosses 
survive on roofs without soil? 


Solution: 


Mosses absorb water and nutrients carried by the rain and do not need 
soil because they do not derive much nutrition from the soil. 


Exercise: 
Problem: What are the three classes of bryophytes? 
Solution: 
The bryophytes are divided into three phyla: the liverworts or 
Hepaticophyta, the hornworts or Anthocerotophyta, and the mosses or 
true Bryophyta. 


Glossary 


capsule 
case of the sporangium in mosses 


gemma 
(plural, gemmae) leaf fragment that spreads for asexual reproduction 


hornworts 
group of non-vascular plants in which stomata appear 


liverworts 
most primitive group of the non-vascular plants 


mosses 
group of bryophytes in which a primitive conductive system appears 


peristome 
tissue that surrounds the opening of the capsule and allows periodic 
release of spores 


protonema 
tangle of single celled filaments that forms from the haploid spore 


rhizoids 
thin filaments that anchor the plant to the substrate 


seta 
stalk that supports the capsule in mosses 


Seedless Vascular Plants 
By the end of this section, you will be able to: 


e Identify the new traits that first appear in tracheophytes 

e Discuss the importance of adaptations to life on land 

e Describe the classes of seedless tracheophytes 

e Describe the lifecycle of a fern 

e Explain the role of seedless vascular plants in the ecosystem 


The vascular plants, or tracheophytes, are the dominant and most 
conspicuous group of land plants. More than 260,000 species of 
tracheophytes represent more than 90 percent of Earth’s vegetation. Several 
evolutionary innovations explain their success and their ability to spread to 
all habitats. 


Bryophytes may have been successful at the transition from an aquatic 
habitat to land, but they are still dependent on water for reproduction, and 
absorb moisture and nutrients through the gametophyte surface. The lack of 
roots for absorbing water and minerals from the soil, as well as a lack of 
reinforced conducting cells, limits bryophytes to small sizes. Although they 
may survive in reasonably dry conditions, they cannot reproduce and 
expand their habitat range in the absence of water. Vascular plants, on the 
other hand, can achieve enormous heights, thus competing successfully for 
light. Photosynthetic organs become leaves, and pipe-like cells or vascular 
tissues transport water, minerals, and fixed carbon throughout the organism. 


In seedless vascular plants, the diploid sporophyte is the dominant phase of 
the lifecycle. The gametophyte is now an inconspicuous, but still 
independent, organism. Throughout plant evolution, there is an evident 
reversal of roles in the dominant phase of the lifecycle. Seedless vascular 
plants still depend on water during fertilization, as the sperm must swim on 
a layer of moisture to reach the egg. This step in reproduction explains why 
ferns and their relatives are more abundant in damp environments. 


Vascular Tissue: Xylem and Phloem 


The first fossils that show the presence of vascular tissue date to the 
Silurian period, about 430 million years ago. The simplest arrangement of 
conductive cells shows a pattern of xylem at the center surrounded by 
phloem. Xylem is the tissue responsible for the storage and long-distance 
transport of water and nutrients, as well as the transfer of water-soluble 
growth factors from the organs of synthesis to the target organs. The tissue 
consists of conducting cells, known as tracheids, and supportive filler 
tissue, called parenchyma. Xylem conductive cells incorporate the 
compound lignin into their walls, and are thus described as lignified. Lignin 
itself is a complex polymer that is impermeable to water and confers 
mechanical strength to vascular tissue. With their rigid cell walls, the xylem 
cells provide support to the plant and allow it to achieve impressive heights. 
Tall plants have a selective advantage by being able to reach unfiltered 
sunlight and disperse their spores or seeds further away, thus expanding 
their range. By growing higher than other plants, tall trees cast their shadow 
on shorter plants and limit competition for water and precious nutrients in 
the soil. 


Phloem is the second type of vascular tissue; it transports sugars, proteins, 
and other solutes throughout the plant. Phloem cells are divided into sieve 
elements (conducting cells) and cells that support the sieve elements. 
Together, xylem and phloem tissues form the vascular system of plants. 


Roots: Support for the Plant 


Roots are not well preserved in the fossil record. Nevertheless, it seems that 
roots appeared later in evolution than vascular tissue. The development of 
an extensive network of roots represented a significant new feature of 
vascular plants. Thin rhizoids attached bryophytes to the substrate, but these 
rather flimsy filaments did not provide a strong anchor for the plant; neither 
did they absorb substantial amounts of water and nutrients. In contrast, 
roots, with their prominent vascular tissue system, transfer water and 
minerals from the soil to the rest of the plant. The extensive network of 
roots that penetrates deep into the soil to reach sources of water also 
stabilizes trees by acting as a ballast or anchor. The majority of roots 
establish a symbiotic relationship with fungi, forming mycorrhizae, which 


benefit the plant by greatly increasing the surface area for absorption of 
water and soil minerals and nutrients. 


Leaves, Sporophylls, and Strobili 


A third innovation marks the seedless vascular plants. Accompanying the 
prominence of the sporophyte and the development of vascular tissue, the 
appearance of true leaves improved their photosynthetic efficiency. Leaves 
capture more sunlight with their increased surface area by employing more 
chloroplasts to trap light energy and convert it to chemical energy, which is 
then used to fix atmospheric carbon dioxide into carbohydrates. The 
carbohydrates are exported to the rest of the plant by the conductive cells of 
phloem tissue. 


The existence of two types of morphology suggests that leaves evolved 
independently in several groups of plants. The first type of leaf is the 
microphyll, or “little leaf,” which can be dated to 350 million years ago in 
the late Silurian. A microphyll is small and has a simple vascular system. A 
single unbranched vein—a bundle of vascular tissue made of xylem and 
phloem—runs through the center of the leaf. Microphylls may have 
originated from the flattening of lateral branches, or from sporangia that 
lost their reproductive capabilities. Microphylls are present in the club 
mosses and probably preceded the development of megaphylls, or “big 
leaves”, which are larger leaves with a pattern of branching veins. 
Megaphylls most likely appeared independently several times during the 
course of evolution. Their complex networks of veins suggest that several 
branches may have combined into a flattened organ, with the gaps between 
the branches being filled with photosynthetic tissue. 


In addition to photosynthesis, leaves play another role in the life of the 
plants. Pine cones, mature fronds of ferns, and flowers are all sporophylls 
—leaves that were modified structurally to bear sporangia. Strobili are 
cone-like structures that contain sporangia. They are prominent in conifers 
and are commonly known as pine cones. 


Ferns and Other Seedless Vascular Plants 


By the late Devonian period, plants had evolved vascular tissue, well- 
defined leaves, and root systems. With these advantages, plants increased in 
height and size. During the Carboniferous period, swamp forests of club 
mosses and horsetails—some specimens reaching heights of more than 30 
m (100 ft)—covered most of the land. These forests gave rise to the 
extensive coal deposits that gave the Carboniferous its name. In seedless 
vascular plants, the sporophyte became the dominant phase of the lifecycle. 


Water is still required for fertilization of seedless vascular plants, and most 
favor a moist environment. Modern-day seedless tracheophytes include club 
mosses, horsetails, ferns, and whisk ferns. 


Phylum Lycopodiophyta: Club Mosses 


The club mosses, or phylum Lycopodiophyta, are the earliest group of 
seedless vascular plants. They dominated the landscape of the 
Carboniferous, growing into tall trees and forming large swamp forests. 
Today’s club mosses are diminutive, evergreen plants consisting of a stem 
(which may be branched) and microphylls ({link]). The phylum 
Lycopodiophyta consists of close to 1,200 species, including the quillworts 
(Isoetales), the club mosses (Lycopodiales), and spike mosses 
(Selaginellales), none of which are true mosses or bryophytes. 


Lycophytes follow the pattern of alternation of generations seen in the 
bryophytes, except that the sporophyte is the major stage of the lifecycle. 
The gametophytes do not depend on the sporophyte for nutrients. Some 
gametophytes develop underground and form mycorrhizal associations with 
fungi. In club mosses, the sporophyte gives rise to sporophylls arranged in 
strobili, cone-like structures that give the class its name. Lycophytes can be 
homosporous or heterosporous. 


In the club mosses such as 


Lycopodium clavatum, 
sporangia are arranged in 
clusters called strobili. (credit: 
Cory Zanker) 


Phylum Monilophyta: Class Equisetopsida (Horsetails) 


Horsetails, whisk ferns and ferns belong to the phylum Monilophyta, with 
horsetails placed in the Class Equisetopsida. The single genus Equisetum is 
the survivor of a large group of plants, known as Arthrophyta, which 
produced large trees and entire swamp forests in the Carboniferous. The 
plants are usually found in damp environments and marshes ((link]). 


Horsetails thrive in a marsh. 
(credit: Myriam Feldman) 


The stem of a horsetail is characterized by the presence of joints or nodes, 
hence the name Arthrophyta (arthro- = "joint"; -phyta = "plant"). Leaves 
and branches come out as whorls from the evenly spaced joints. The needle- 
shaped leaves do not contribute greatly to photosynthesis, the majority of 
which takes place in the green stem ([link]). 


Thin leaves originating at 
the joints are noticeable 
on the horsetail plant. 
Horsetails were once used 
as scrubbing brushes and 
were nicknamed scouring 
brushes. (credit: Myriam 
Feldman) 


Silica collects in the epidermal cells, contributing to the stiffness of 
horsetail plants. Underground stems known as rhizomes anchor the plants to 
the ground. Modern-day horsetails are homosporous and produce bisexual 
gametophytes. 


Phylum Monilophyta: Class Psilotopsida (Whisk Ferns) 


While most ferns form large leaves and branching roots, the whisk ferns, 
Class Psilotopsida, lack both roots and leaves, probably lost by reduction. 


Photosynthesis takes place in their green stems, and small yellow knobs 
form at the tip of the branch stem and contain the sporangia. Whisk ferns 
were considered an early pterophytes. However, recent comparative DNA 
analysis suggests that this group may have lost both vascular tissue and 
roots through evolution, and is more closely related to ferns. 


The whisk fern Psilotum nudum 
has conspicuous green stems 
with knob-shaped sporangia. 
(credit: Forest & Kim Starr) 


Phylum Monilophyta: Class Psilotopsida (Ferns) 


With their large fronds, ferns are the most readily recognizable seedless 
vascular plants. They are considered the most advanced seedless vascular 
plants and display characteristics commonly observed in seed plants. More 
than 20,000 species of ferns live in environments ranging from tropics to 
temperate forests. Although some species survive in dry environments, 
most ferns are restricted to moist, shaded places. Ferns made their 
appearance in the fossil record during the Devonian period and expanded 
during the Carboniferous. 


The dominant stage of the lifecycle of a fern is the sporophyte, which 
consists of large compound leaves called fronds. Fronds fulfill a double 
role; they are photosynthetic organs that also carry reproductive organs. The 
stem may be buried underground as a rhizome, from which adventitious 
roots grow to absorb water and nutrients from the soil; or, they may grow 
above ground as a trunk in tree ferns ([link]). Adventitious organs are those 
that grow in unusual places, such as roots growing from the side of a stem. 


Some specimens of this short 
tree-fern species can grow very 
tall. (credit: Adrian Pingstone) 


The tip of a developing fern frond is rolled into a crozier, or fiddlehead 
({link]a and [link]b). Fiddleheads unroll as the frond develops. 


Croziers, or fiddleheads, are the tips of 
fern fronds. (credit a: modification of 
work by Cory Zanker; credit b: 
modification of work by Myriam 
Feldman) 


The lifecycle of a fern is depicted in [link]. 


Note: 
Art Connection 
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This life cycle of a fern shows alternation of 
generations with a dominant sporophyte stage. 
(credit "fern": modification of work by Cory 
Zanker; credit "gametophyte": modification of 
work by "VImastra"/Wikimedia Commons) 
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Which of the following statements about the fern life cycle is false? 


a. Sporangia produce haploid spores. 
b. The sporophyte grows from a gametophyte. 


c. The sporophyte is diploid and the gametophyte is haploid. 
d. Sporangia form on the underside of the gametophyte. 


Note: 
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To see an animation of the lifecycle of a fern and to test your knowledge, 
go to the website. 


Most ferns produce the same type of spores and are therefore homosporous. 
The diploid sporophyte is the most conspicuous stage of the lifecycle. On 
the underside of its mature fronds, sori (singular, sorus) form as small 
clusters where sporangia develop ([link]). 


Sori appear as small bumps on the 
underside of a fern frond. (credit: 


Myriam Feldman) 


Inside the sori, spores are produced by meiosis and released into the air. 
Those that land on a suitable substrate germinate and form a heart-shaped 
gametophyte, which is attached to the ground by thin filamentous rhizoids 
({link]). 


Sporophyte 


se Gametophyte im 


Shown here are a young 
sporophyte (upper part of image) 
and a heart-shaped gametophyte 

(bottom part of image). (credit: 
modification of work by 
"VImastra"/Wikimedia Commons) 


The inconspicuous gametophyte harbors both sex gametangia. Flagellated 
sperm released from the antheridium swim on a wet surface to the 
archegonium, where the egg is fertilized. The newly formed zygote grows 
into a sporophyte that emerges from the gametophyte and grows by mitosis 
into the next generation sporophyte. 


Note: 

Career Connection 

Landscape Designer 

Looking at the well-laid parterres of flowers and fountains in the grounds 
of royal castles and historic houses of Europe, it’s clear that the gardens’ 
creators knew about more than art and design. They were also familiar 
with the biology of the plants they chose. Landscape design also has strong 
roots in the United States’ tradition. A prime example of early American 
classical design is Monticello: Thomas Jefferson’s private estate. Among 
his many interests, Jefferson maintained a strong passion for botany. 
Landscape layout can encompass a small private space, like a backyard 
garden; public gathering places, like Central Park in New York City; or an 
entire city plan, like Pierre L’Enfant’s design for Washington, DC. 

A landscape designer will plan traditional public spaces—such as botanical 
gardens, parks, college campuses, gardens, and larger developments—as 
well as natural areas and private gardens. The restoration of natural places 
encroached on by human intervention, such as wetlands, also requires the 
expertise of a landscape designer. 

With such an array of necessary skills, a landscape designer’s education 
includes a solid background in botany, soil science, plant pathology, 
entomology, and horticulture. Coursework in architecture and design 
software is also required for the completion of the degree. The successful 
design of a landscape rests on an extensive knowledge of plant growth 
requirements, such as light and shade, moisture levels, compatibility of 
different species, and susceptibility to pathogens and pests. Mosses and 
ferns will thrive in a shaded area, where fountains provide moisture; cacti, 
on the other hand, would not fare well in that environment. The future 
growth of individual plants must be taken into account, to avoid crowding 
and competition for light and nutrients. The appearance of the space over 
time is also of concern. Shapes, colors, and biology must be balanced for a 
well-maintained and sustainable green space. Art, architecture, and biology 
blend in a beautifully designed and implemented landscape. 


This landscaped border at a 
college campus was designed 
by students in the horticulture 
and landscaping department of 

the college. (credit: Myriam 

Feldman) 


The Importance of Seedless Vascular Plants 


Mosses and liverworts are often the first macroscopic organisms to colonize 
an area, both in a primary succession—where bare land is settled for the 
first time by living organisms—or in a secondary succession, where soil 
remains intact after a catastrophic event wipes out many existing species. 
Their spores are carried by the wind, birds, or insects. Once mosses and 
liverworts are established, they provide food and shelter for other species. 
In a hostile environment, like the tundra where the soil is frozen, 
bryophytes grow well because they do not have roots and can dry and 
rehydrate rapidly once water is again available. Mosses are at the base of 
the food chain in the tundra biome. Many species—from small insects to 
musk oxen and reindeer—depend on mosses for food. In turn, predators 
feed on the herbivores, which are the primary consumers. Some reports 
indicate that bryophytes make the soil more amenable to colonization by 
other plants. Because they establish symbiotic relationships with nitrogen- 
fixing cyanobacteria, mosses replenish the soil with nitrogen. 


At the end of the nineteenth century, scientists observed that lichens and 
mosses were becoming increasingly rare in urban and suburban areas. Since 
bryophytes have neither a root system for absorption of water and nutrients, 
nor a cuticle layer that protects them from desiccation, pollutants in 
rainwater readily penetrate their tissues; they absorb moisture and nutrients 
through their entire exposed surfaces. Therefore, pollutants dissolved in 
rainwater penetrate plant tissues readily and have a larger impact on mosses 
than on other plants. The disappearance of mosses can be considered a 
bioindicator for the level of pollution in the environment. 


Ferns contribute to the environment by promoting the weathering of rock, 
accelerating the formation of topsoil, and slowing down erosion by 
spreading rhizomes in the soil. The water ferns of the genus Azolla harbor 
nitrogen-fixing cyanobacteria and restore this important nutrient to aquatic 
habitats. 


Seedless plants have historically played a role in human life through uses as 
tools, fuel, and medicine. Dried peat moss, Sphagnum, is commonly used 
as fuel in some parts of Europe and is considered a renewable resource. 
Sphagnum bogs ([link]) are cultivated with cranberry and blueberry bushes. 
The ability of Sphagnum to hold moisture makes the moss a common soil 
conditioner. Florists use blocks of Sphagnum to maintain moisture for floral 
arrangements. 


Sphagnum acutifolium is dried 
peat moss and can be used as 


fuel. (credit: Ken Goulding) 


The attractive fronds of ferns make them a favorite ornamental plant. 
Because they thrive in low light, they are well suited as house plants. More 
importantly, fiddleheads are a traditional spring food of Native Americans 
in the Pacific Northwest, and are popular as a side dish in French cuisine. 
The licorice fern, Polypodium glycyrrhiza, is part of the diet of the Pacific 
Northwest coastal tribes, owing in part to the sweetness of its rhizomes. It 
has a faint licorice taste and serves as a sweetener. The rhizome also figures 
in the pharmacopeia of Native Americans for its medicinal properties and is 
used as a remedy for sore throat. 


Note: 
LInk to Learning 
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Go to this website to learn how to identify fern species based upon their 
fiddleheads. 


By far the greatest impact of seedless vascular plants on human life, 
however, comes from their extinct progenitors. The tall club mosses, 
horsetails, and tree-like ferns that flourished in the swampy forests of the 
Carboniferous period gave rise to large deposits of coal throughout the 
world. Coal provided an abundant source of energy during the Industrial 
Revolution, which had tremendous consequences on human societies, 
including rapid technological progress and growth of large cities, as well as 


the degradation of the environment. Coal is still a prime source of energy 
and also a major contributor to global warming. 


Section Summary 


Vascular systems consist of xylem tissue, which transports water and 
minerals, and phloem tissue, which transports sugars and proteins. With the 
development of the vascular system, there appeared leaves to act as large 
photosynthetic organs, and roots to access water from the ground. Small 
uncomplicated leaves are microphylls. Large leaves with vein patterns are 
megaphylls. Modified leaves that bear sporangia are sporophylls. Some 
sporophylls are arranged in cone structures called strobili. 


The seedless vascular plants include club mosses, which are the most 
primitive; whisk ferns, which lost leaves and roots by reductive evolution; 
and horsetails and ferns. Ferns are the most advanced group of seedless 
vascular plants. They are distinguished by large leaves called fronds and 
small sporangia-containing structures called sori, which are found on the 
underside of the fronds. 


Mosses play an essential role in the balance of the ecosystems; they are 
pioneering species that colonize bare or devastated environments and make 
it possible for a succession to occur. They contribute to the enrichment of 
the soil and provide shelter and nutrients for animals in hostile 
environments. Mosses and ferns can be used as fuels and serve culinary, 
medical, and decorative purposes. 


Art Connections 


Exercise: 


Problem: 


[link] Which of the following statements about the fern life cycle is 
false? 


a. Sporangia produce haploid spores. 


b. The sporophyte grows from a gametophyte. 
c. The sporophyte is diploid and the gametophyte is haploid. 
d. Sporangia form on the underside of the gametophyte. 


Solution: 


[link] D. 


Review Questions 


Exercise: 


Problem: Microphylls are characteristic of which types of plants? 


a. mosses 
b. liverworts 
c. club mosses 
d. ferns 


Solution: 


C 
Exercise: 
Problem: 


A plant in the understory of a forest displays a segmented stem and 
slender leaves arranged in a whorl. It is probably a 


a. club moss 
b. whisk fern 
c. fern 

d. horsetail 


Solution: 


D 
Exercise: 


Problem: 


The following structures are found on the underside of fern leaves and 
contain sporangia: 


a. SOF 

b. rhizomes 

c. megaphylls 
d. microphylls 


Solution: 
A 
Exercise: 

Problem: The dominant organism in fern is the 
a. sperm 
b. spore 
c. gamete 
d. sporophyte 

Solution: 

D 


Exercise: 


Problem: What seedless plant is a renewable source of energy? 


a. club moss 

b. horsetail 

c. sphagnum moss 
d. fern 


Solution: 
C 
Exercise: 
Problem: How do mosses contribute to returning nitrogen to the soil? 


a. Mosses fix nitrogen from the air. 

b. Mosses harbor cyanobacteria that fix nitrogen. 
c. Mosses die and return nitrogen to the soil. 

d. Mosses decompose rocks and release nitrogen. 


Solution: 


D 


Free Response 


Exercise: 


Problem: 


How did the development of a vascular system contribute to the 
increase in size of plants? 


Solution: 


Plants became able to transport water and nutrients and not be limited 
by rates of diffusion. Vascularization allowed the development of 


leaves, which increased efficiency of photosynthesis and provided 
more energy for plant growth. 


Exercise: 
Problem: 


Which plant is considered the most advanced seedless vascular plant 
and why? 


Solution: 


Ferns are considered the most advanced seedless vascular plants, 
because they display characteristics commonly observed in seed plants 
—they form large leaves and branching roots. 


Glossary 


adventitious 
describes an organ that grows in an unusual place, such as a roots 
growing from the side of a stem 


club mosses 
earliest group of seedless vascular plants 


fern 
seedless vascular plant that produces large fronds; the most advanced 
group of seedless vascular plants 


horsetail 

seedless vascular plant characterized by joints 
lignin 

complex polymer impermeable to water 


lycophyte 
club moss 


megaphyll 
larger leaves with a pattern of branching veins 


microphyll 
small size and simple vascular system with a single unbranched vein 


peat moss 
Sphagnum 


phloem 
tissue responsible for transport of sugars, proteins, and other solutes 


sporophyll 
leaf modified structurally to bear sporangia 


strobili 
cone-like structures that contain the sporangia 


tracheophyte 
vascular plant 


vein 
bundle of vascular tissue made of xylem and phloem 


whisk fern 
seedless vascular plant that lost roots and leaves by reduction 


xylem 
tissue responsible for long-distance transport of water and nutrients 


Evolution of Seed Plants 
By the end of this section, you will be able to: 


e Explain when seed plants first appeared and when gymnosperms 
became the dominant plant group 

e Describe the two major innovations that allowed seed plants to 
reproduce in the absence of water 

e Discuss the purpose of pollen grains and seeds 

e Describe the significance of angiosperms bearing both flowers and 
fruit 


The first plants to colonize land were most likely closely related to modern 
day mosses (bryophytes) and are thought to have appeared about 500 
million years ago. They were followed by liverworts (also bryophytes) and 
primitive vascular plants—the pterophytes—from which modern ferns are 
derived. The lifecycle of bryophytes and pterophytes is characterized by the 
alternation of generations, like gymnosperms and angiosperms; what sets 
bryophytes and pterophytes apart from gymnosperms and angiosperms is 
their reproductive requirement for water. The completion of the bryophyte 
and pterophyte life cycle requires water because the male gametophyte 
releases sperm, which must swim—propelled by their flagella—to reach 
and fertilize the female gamete or egg. After fertilization, the zygote 
matures and grows into a sporophyte, which in turn will form sporangia or 
"spore vessels." In the sporangia, mother cells undergo meiosis and produce 
the haploid spores. Release of spores in a suitable environment will lead to 
germination and a new generation of gametophytes. 


In seed plants, the evolutionary trend led to a dominant sporophyte 
generation, and at the same time, a systematic reduction in the size of the 
gametophyte: from a conspicuous structure to a microscopic cluster of cells 
enclosed in the tissues of the sporophyte. Whereas lower vascular plants, 
such as club mosses and ferns, are mostly homosporous (produce only one 
type of spore), all seed plants, or spermatophytes, are heterosporous. They 
form two types of spores: megaspores (female) and microspores (male). 
Megaspores develop into female gametophytes that produce eggs, and 
microspores mature into male gametophytes that generate sperm. Because 
the gametophytes mature within the spores, they are not free-living, as are 


the gametophytes of other seedless vascular plants. Heterosporous seedless 
plants are seen as the evolutionary forerunners of seed plants. 


Seeds and pollen—two critical adaptations to drought, and to reproduction 
that doesn’t require water—distinguish seed plants from other (seedless) 
vascular plants. Both adaptations were required for the colonization of land 
begun by the bryophytes and their ancestors. Fossils place the earliest 
distinct seed plants at about 350 million years ago. The first reliable record 
of gymnosperms dates their appearance to the Pennsylvanian period, about 
319 million years ago ({link]). Gymnosperms were preceded by 
progymnosperms, the first naked seed plants, which arose about 380 
million years ago. Progymnosperms were a transitional group of plants that 
superficially resembled conifers (cone bearers) because they produced 
wood from the secondary growth of the vascular tissues; however, they still 
reproduced like ferns, releasing spores into the environment. Gymnosperms 
dominated the landscape in the early (Triassic) and middle (Jurassic) 
Mesozoic era. Angiosperms surpassed gymnosperms by the middle of the 
Cretaceous (about 100 million years ago) in the late Mesozoic era, and 
today are the most abundant plant group in most terrestrial biomes. 
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Various plant species evolved in 
different eras. (credit: United States 


Geological Survey) 


Pollen and seed were innovative structures that allowed seed plants to break 
their dependence on water for reproduction and development of the embryo, 
and to conquer dry land. The pollen grains are the male gametophytes, 
which contain the sperm (gametes) of the plant. The small haploid (1n) cells 
are encased in a protective coat that prevents desiccation (drying out) and 
mechanical damage. Pollen grains can travel far from their original 
sporophyte, spreading the plant’s genes. The seed offers the embryo 
protection, nourishment, and a mechanism to maintain dormancy for tens or 
even thousands of years, ensuring germination can occur when growth 
conditions are optimal. Seeds therefore allow plants to disperse the next 
generation through both space and time. With such evolutionary 
advantages, seed plants have become the most successful and familiar 
group of plants, in part because of their size and striking appearance. 


Evolution of Gymnosperms 


The fossil plant Elkinsia polymorpha, a "seed fern" from the Devonian 
period—about 400 million years ago—is considered the earliest seed plant 
known to date. Seed ferns ({link]) produced their seeds along their branches 
without specialized structures. What makes them the first true seed plants is 
that they developed structures called cupules to enclose and protect the 
ovule—the female gametophyte and associated tissues—which develops 
into a seed upon fertilization. Seed plants resembling modern tree ferns 
became more numerous and diverse in the coal swamps of the 
Carboniferous period. 


This fossilized leaf is from 
Glossopteris, a seed fern that thrived 
during the Permian age (290— 
240 million years ago). (credit: D.L. 
Schmidt, USGS) 


Fossil records indicate the first gymnosperms (progymnosperms) most 
likely originated in the Paleozoic era, during the middle Devonian period: 
about 390 million years ago. Following the wet Mississippian and 
Pennsylvanian periods, which were dominated by giant fern trees, the 
Permian period was dry. This gave a reproductive edge to seed plants, 
which are better adapted to survive dry spells. The Ginkgoales, a group of 
gymnosperms with only one surviving species—the Gingko biloba—were 
the first gymnosperms to appear during the lower Jurassic. Gymnosperms 
expanded in the Mesozoic era (about 240 million years ago), supplanting 
ferns in the landscape, and reaching their greatest diversity during this time. 
The Jurassic period was as much the age of the cycads (palm-tree-like 
gymnosperms) as the age of the dinosaurs. Gingkoales and the more 
familiar conifers also dotted the landscape. Although angiosperms 
(flowering plants) are the major form of plant life in most biomes, 
gymnosperms still dominate some ecosystems, such as the taiga (boreal 
forests) and the alpine forests at higher mountain elevations ([link]) because 
of their adaptation to cold and dry growth conditions. 


This boreal forest (taiga) has low- 
lying plants and conifer trees. 
(credit: L.B. Brubaker, NOAA) 


Seeds and Pollen as an Evolutionary Adaptation to Dry Land 


Unlike bryophyte and fern spores (which are haploid cells dependent on 
moisture for rapid development of gametophytes), seeds contain a diploid 
embryo that will germinate into a sporophyte. Storage tissue to sustain 
growth and a protective coat give seeds their superior evolutionary 
advantage. Several layers of hardened tissue prevent desiccation, and free 
reproduction from the need for a constant supply of water. Furthermore, 
seeds remain in a state of dormancy—induced by desiccation and the 
hormone abscisic acid—until conditions for growth become favorable. 
Whether blown by the wind, floating on water, or carried away by animals, 
seeds are scattered in an expanding geographic range, thus avoiding 
competition with the parent plant. 


Pollen grains ({link]) are male gametophytes and are carried by wind, water, 
or a pollinator. The whole structure is protected from desiccation and can 
reach the female organs without dependence on water. Male gametes reach 
female gametophyte and the egg cell gamete though a pollen tube: an 
extension of a cell within the pollen grain. The sperm of modern 


gymnosperms lack flagella, but in cycads and the Gingko, the sperm still 
possess flagella that allow them to swim down the pollen tube to the 
female gamete; however, they are enclosed in a pollen grain. 
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This fossilized pollen is from 
a Buckbean fen core found in 
Yellowstone National Park, 
Wyoming. The pollen is 
magnified 1,054 times. 
(credit: R.G. Baker, USGS; 
scale-bar data from Matt 
Russell) 
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Evolution of Angiosperms 


Undisputed fossil records place the massive appearance and diversification 
of angiosperms in the middle to late Mesozoic era. Angiosperms (“seed in a 
vessel”) produce a flower containing male and/or female reproductive 
structures. Fossil evidence ([link]) indicates that flowering plants first 
appeared in the Lower Cretaceous, about 125 million years ago, and were 
rapidly diversifying by the Middle Cretaceous, about 100 million years ago. 
Earlier traces of angiosperms are scarce. Fossilized pollen recovered from 
Jurassic geological material has been attributed to angiosperms. A few early 
Cretaceous rocks show clear imprints of leaves resembling angiosperm 
leaves. By the mid-Cretaceous, a staggering number of diverse flowering 
plants crowd the fossil record. The same geological period is also marked 
by the appearance of many modern groups of insects, including pollinating 
insects that played a key role in ecology and the evolution of flowering 
plants. 


Although several hypotheses have been offered to explain this sudden 
profusion and variety of flowering plants, none have garnered the consensus 
of paleobotanists (scientists who study ancient plants). New data in 
comparative genomics and paleobotany have, however, shed some light on 
the evolution of angiosperms. Rather than being derived from 
gymnosperms, angiosperms form a sister clade (a species and its 
descendents) that developed in parallel with the gymnosperms. The two 
innovative structures of flowers and fruit represent an improved 
reproductive strategy that served to protect the embryo, while increasing 
genetic variability and range. Paleobotanists debate whether angiosperms 
evolved from small woody bushes, or were basal angiosperms related to 
tropical grasses. Both views draw support from cladistics studies, and the 
so-called woody magnoliid hypothesis—which proposes that the early 
ancestors of angiosperms were shrubs—also offers molecular biological 
evidence. 


The most primitive living angiosperm is considered to be Amborella 
trichopoda, a small plant native to the rainforest of New Caledonia, an 
island in the South Pacific. Analysis of the genome of A. trichopoda has 
shown that it is related to all existing flowering plants and belongs to the 
oldest confirmed branch of the angiosperm family tree. A few other 
angiosperm groups Called basal angiosperms, are viewed as primitive 


because they branched off early from the phylogenetic tree. Most modern 
angiosperms are Classified as either monocots or eudicots, based on the 
structure of their leaves and embryos. Basal angiosperms, such as water 
lilies, are considered more primitive because they share morphological 
traits with both monocots and eudicots. 


This leaf imprint shows 
a Ficus speciosissima, 
an angiosperm that 
flourished during the 
Cretaceous period. 
(credit: W. T. Lee, 
USGS) 


Flowers and Fruits as an Evolutionary Adaptation 


Angiosperms produce their gametes in separate organs, which are usually 
housed in a flower. Both fertilization and embryo development take place 
inside an anatomical structure that provides a stable system of sexual 
reproduction largely sheltered from environmental fluctuations. Flowering 
plants are the most diverse phylum on Earth after insects; flowers come in a 
bewildering array of sizes, shapes, colors, smells, and arrangements. Most 
flowers have a mutualistic pollinator, with the distinctive features of flowers 
reflecting the nature of the pollination agent. The relationship between 
pollinator and flower characteristics is one of the great examples of 
coevolution. 


Following fertilization of the egg, the ovule grows into a seed. The 
surrounding tissues of the ovary thicken, developing into a fruit that will 
protect the seed and often ensure its dispersal over a wide geographic range. 
Not all fruits develop from an ovary; such structures are “false fruits.” Like 
flowers, fruit can vary tremendously in appearance, size, smell, and taste. 
Tomatoes, walnut shells and avocados are all examples of fruit. As with 
pollen and seeds, fruits also act as agents of dispersal. Some may be carried 
away by the wind. Many attract animals that will eat the fruit and pass the 
seeds through their digestive systems, then deposit the seeds in another 
location. Cockleburs are covered with stiff, hooked spines that can hook 
into fur (or clothing) and hitch a ride on an animal for long distances. The 
cockleburs that clung to the velvet trousers of an enterprising Swiss hiker, 
George de Mestral, inspired his invention of the loop and hook fastener he 
named Velcro. 


Note: 

Evolution Connection 

Building Phylogenetic Trees with Analysis of DNA Sequence 
Alignments 

All living organisms display patterns of relationships derived from their 
evolutionary history. Phylogeny is the science that describes the relative 
connections between organisms, in terms of ancestral and descendant 
species. Phylogenetic trees, such as the plant evolutionary history shown in 
[link], are tree-like branching diagrams that depict these relationships. 


Species are found at the tips of the branches. Each branching point, called 
a node, is the point at which a single taxonomic group (taxon), such as a 
species, separates into two or more species. 


Ancestral 
aiseneioe Marchantiopsida (liverworts) 
Anthocerotopsida (hornworts) 


Embryophytes Bryopsida (mosses) 


Aglaophyton (extinct) 


Rhynopsida (extinct) 


Drepanophycales (extinct) 
Lycopodiaceae (club mosses) 
Protolepidodendrales (extinct) 
Selaginellales (spike mosses) 
lsoetales (quillworts) 
Zosterophyllopsida (extinct) 


Psilophyton (extinct) 
Sphenopsids (horsetails) 
Pteridophyta (ferns) 


This phylogenetic tree shows the evolutionary relationships 
of plants. 


Phylogenetic trees have been built to describe the relationships between 
species since Darwin’s time. Traditional methods involve comparison of 
homologous anatomical structures and embryonic development, assuming 
that closely related organisms share anatomical features during embryo 
development. Some traits that disappear in the adult are present in the 
embryo; for example, a human fetus, at one point, has a tail. The study of 
fossil records shows the intermediate stages that link an ancestral form to 
its descendants. Most of these approaches are imprecise and lend 
themselves to multiple interpretations. As the tools of molecular biology 
and computational analysis have been developed and perfected in recent 
years, a new generation of tree-building methods has taken shape. The key 


assumption is that genes for essential proteins or RNA structures, such as 
the ribosomal RNA, are inherently conserved because mutations (changes 
in the DNA sequence) could compromise the survival of the organism. 
DNA from minute amounts of living organisms or fossils can be amplified 
by polymerase chain reaction (PCR) and sequenced, targeting the regions 
of the genome that are most likely to be conserved between species. The 
genes encoding the ribosomal RNA from the small 18S subunit and plastid 
genes are frequently chosen for DNA alignment analysis. 

Once the sequences of interest are obtained, they are compared with 
existing sequences in databases such as GenBank, which is maintained by 
The National Center for Biotechnology Information. A number of 
computational tools are available to align and analyze sequences. 
Sophisticated computer analysis programs determine the percentage of 
sequence identity or homology. Sequence homology can be used to 
estimate the evolutionary distance between two DNA sequences and reflect 
the time elapsed since the genes separated from a common ancestor. 
Molecular analysis has revolutionized phylogenetic trees. In some cases, 
prior results from morphological studies have been confirmed: for 
example, confirming Amborella trichopoda as the most primitive 
angiosperm known. However, some groups and relationships have been 
rearranged as a result of DNA analysis. 


Section Summary 


Seed plants appeared about one million years ago, during the Carboniferous 
period. Two major innovations—seed and pollen—allowed seed plants to 
reproduce in the absence of water. The gametophytes of seed plants shrank, 
while the sporophytes became prominent structures and the diploid stage 
became the longest phase of the lifecycle. Gymnosperms became the 
dominant group during the Triassic. In these, pollen grains and seeds 
protect against desiccation. The seed, unlike a spore, is a diploid embryo 
surrounded by storage tissue and protective layers. It is equipped to delay 
germination until growth conditions are optimal. Angiosperms bear both 
flowers and fruit. The structures protect the gametes and the embryo during 


its development. Angiosperms appeared during the Mesozoic era and have 
become the dominant plant life in terrestrial habitats. 


Review Questions 


Exercise: 


Problem: Seed plants are 


a. all homosporous. 
b. mostly homosporous with some heterosporous. 
c. mostly heterosporous with some homosporous. 
d. all heterosporous. 


Solution: 


D 
Exercise: 


Problem: 


Besides the seed, what other major structure diminishes a plant’s 
reliance on water for reproduction? 


a. flower 
b. fruit 
c. pollen 
d. spore 


Solution: 


A 


Exercise: 


Problem: 


In which of the following geological periods would gymnosperms 
dominate the landscape? 


a. Carboniferous 
b. Permian 

c. Triassic 

d. Eocene (present) 


Solution: 


C 
Exercise: 


Problem: 


Which of the following structures widens the geographic range of a 
species and is an agent of dispersal? 


a. seed 
b. flower 
c. leaf 
d. root 


Solution: 


A 


Free Response 


Exercise: 


Problem: 


The Triassic Period was marked by the increase in number and variety 
of angiosperms. Insects also diversified enormously during the same 
period. Can you propose the reason or reasons that could foster 
coevolution? 


Solution: 
Both pollination and herbivory contributed to diversity, with plants 
needing to attract some insects and repel others. 
Exercise: 
Problem: 


What role did the adaptations of seed and pollen play in the 
development and expansion of seed plants? 


Solution: 


Seeds and pollen allowed plants to reproduce in absence of water. This 
allowed them to expand their range onto dry land and to survive 
drought conditions. 


Glossary 


flower 
branches specialized for reproduction found in some seed-bearing 
plants, containing either specialized male or female organs or both 
male and female organs 


fruit 
thickened tissue derived from ovary wall that protects the embryo after 
fertilization and facilitates seed dispersal 


ovule 
female gametophyte 


pollen grain 
structure containing the male gametophyte of the plant 


pollen tube 
extension from the pollen grain that delivers sperm to the egg cell 


progymnosperm 
transitional group of plants that resembled conifers because they 
produced wood, yet still reproduced like ferns 


seed 
structure containing the embryo, storage tissue and protective coat 


spermatophyte 
seed plant; from the Greek sperm (seed) and phyte (plant) 


Gymnosperms 
By the end of this section, you will be able to: 


e Discuss the type of seeds produced by gymnosperms, as well as other 
characteristics of gymnosperms 

e State which period saw the first appearance of gymnosperms and 
explain when they were the dominant plant life 

e List the four groups of modern-day gymnosperms and provide 
examples of each 


Gymnosperms, meaning “naked seeds,” are a diverse group of seed plants 
and are paraphyletic. Paraphyletic groups are those in which not all 
members are descendants of a single common ancestor. Their 
characteristics include naked seeds, separate female and male gametes, 
pollination by wind, and tracheids (which transport water and solutes in the 
vascular system). 


Gymnosperm seeds are not enclosed in an ovary; rather, they are exposed 
on cones or modified leaves. Sporophylls are specialized leaves that 
produce sporangia. The term strobilus (plural = strobili) describes a tight 
arrangement of sporophylls around a central stalk, as seen in cones. Some 
seeds are enveloped by sporophyte tissues upon maturation. The layer of 
sporophyte tissue that surrounds the megasporangium, and later, the 
embryo, is called the integument. 


Gymnosperms were the dominant phylum in Mesozoic era. They are 
adapted to live where fresh water is scarce during part of the year, or in the 
nitrogen-poor soil of a bog. Therefore, they are still the prominent phylum 
in the coniferous biome or taiga, where the evergreen conifers have a 
selective advantage in cold and dry weather. Evergreen conifers continue 
low levels of photosynthesis during the cold months, and are ready to take 
advantage of the first sunny days of spring. One disadvantage is that 
conifers are more susceptible than deciduous trees to infestations because 
conifers do not lose their leaves all at once. They cannot, therefore, shed 
parasites and restart with a fresh supply of leaves in spring. 


The life cycle of a gymnosperm involves alternation of generations, with a 
dominant sporophyte in which the female gametophyte resides, and reduced 


gametophytes. All gymnosperms are heterosporous. The male and female 
reproductive organs can form in cones or strobili. Male and female 
sporangia are produced either on the same plant, described as monoecious 
(“one home” or bisexual), or on separate plants, referred to as dioecious 
(“two homes” or unisexual) plants. The life cycle of a conifer will serve as 
our example of reproduction in gymnosperms. 


Life Cycle of a Conifer 


Pine trees are conifers (cone bearing) and carry both male and female 
sporophylls on the same mature sporophyte. Therefore, they are 
monoecious plants. Like all gymnosperms, pines are heterosporous and 
generate two different types of spores: male microspores and female 
megaspores. In the male cones, or staminate cones, the microsporocytes 
give rise to pollen grains by meiosis. In the spring, large amounts of yellow 
pollen are released and carried by the wind. Some gametophytes will land 
on a female cone. Pollination is defined as the initiation of pollen tube 
growth. The pollen tube develops slowly, and the generative cell in the 
pollen grain divides into two haploid sperm cells by mitosis. At 
fertilization, one of the sperm cells will finally unite its haploid nucleus 
with the haploid nucleus of a haploid egg cell. 


Female cones, or ovulate cones, contain two ovules per scale. One 
megaspore mother cell, or megasporocyte, undergoes meiosis in each 
ovule. Three of the four cells break down; only a single surviving cell will 
develop into a female multicellular gametophyte, which encloses 
archegonia (an archegonium is a reproductive organ that contains a single 
large egg). Upon fertilization, the diploid egg will give rise to the embryo, 
which is enclosed in a seed coat of tissue from the parent plant. Fertilization 
and seed development is a long process in pine trees: it may take up to two 
years after pollination. The seed that is formed contains three generations of 
tissues: the seed coat that originates from the sporophyte tissue, the 
gametophyte that will provide nutrients, and the embryo itself. 


[link] illustrates the life cycle of a conifer. The sporophyte (2n) phase is the 
longest phase in the life of a gymnosperm. The gametophytes (1n)— 
microspores and megaspores—are reduced in size. It may take more than 


year between pollination and fertilization while the pollen tube grows 
towards the megasporocyte (2n), which undergoes meiosis into megaspores. 
The megaspores will mature into eggs (1n). 


Note: 
Art Connection 


Female cones grow in the 
upper branches where they 
may be fertilized by pollen 
blown on the wind 

from the male cones. 


Male cones grow in the 
lower branches. 


Sporophyte (2n) 


(mature tree) - 
Pollen Pollen Ovule 
Seeds (2n) grainy tube Aa 
GP Ml A = Scale 
| Q —. Megaspore 
1n 
er or) Generative (sperm) Tube =) 
nuclei (1n) nucleus 
Seeds are dispersed A pollen tube forms, allowing the pollen to 
and grow into migrate toward the female gametophyte. 
mature trees. Upon fertilization, a diploid zygote forms. 


This image shows the life cycle of a 
conifer. Pollen from male cones blows up 
into upper branches, where it fertilizes 
female cones. 


At what stage does the diploid zygote form? 


a. when the female cone begins to bud from the tree 
b. at fertilization 
c. when the seeds drop from the tree 


d. when the pollen tube begins to grow 


Note: 
Link to Learning 


Watch this video to see the process of seed production in gymnosperms. 
https://www.openstaxcollege.org/l/gymnosperm2 


Diversity of Gymnosperms 


Modern gymnosperms are classified into four phyla. Coniferophyta, 
Cycadophyta, and Ginkgophyta are similar in their production of secondary 
cambium (cells that generate the vascular system of the trunk or stem and 
are partially specialized for water transportation) and their pattern of seed 
development. However, the three phyla are not closely related 
phylogenetically to each other. Gnetophyta are considered the closest group 
to angiosperms because they produce true xylem tissue. 


Conifers (Coniferophyta) 


Conifers are the dominant phylum of gymnosperms, with the most variety 
of species ([link]). Most are typically tall trees that usually bear scale-like 
or needle-like leaves. Water evaporation from leaves is reduced by their thin 
shape and the thick cuticle. Snow slides easily off needle-shaped leaves, 
keeping the load light and decreasing breaking of branches. Adaptations to 


cold and dry weather explain the predominance of conifers at high altitudes 
and in cold climates. Conifers include familiar evergreen trees such as 
pines, spruces, firs, cedars, sequoias, and yews. A few species are 
deciduous and lose their leaves in fall. The European larch and the tamarack 
are examples of deciduous conifers ([link]c). Many coniferous trees are 
harvested for paper pulp and timber. The wood of conifers is more primitive 
than the wood of angiosperms; it contains tracheids, but no vessel elements, 
and is therefore referred to as “soft wood.” 


Conifers are the dominant form of vegetation 
in cold or arid environments and at high 
altitudes. Shown here are the (a) evergreen 
spruce Picea sp., (b) juniper Juniperus sp., (c) 
sequoia Sequoia Semervirens, which is a 
deciduous gymnosperm, and (d) the tamarack 
Larix larcinia. Notice the yellow leaves of the 
tamarack. (credit a: modification of work by 


Rosendahl; credit b: modification of work by 
Alan Levine; credit c: modification of work by 
Wendy McCormic; credit d: modification of 
work by Micky Zlimen) 


Cycads 


Cycads thrive in mild climates, and are often mistaken for palms because of 
the shape of their large, compound leaves. Cycads bear large cones ((link]), 
and may be pollinated by beetles rather than wind: unusual for a 
gymnosperm. They dominated the landscape during the age of dinosaurs in 
the Mesozoic, but only a hundred or so species persisted to modern times. 
They face possible extinction, and several species are protected through 
international conventions. Because of their attractive shape, they are often 
used as ornamental plants in gardens in the tropics and subtropics. 


This Encephalartos ferox cycad 
has large cones and broad, fern- 
like leaves. (credit: Wendy Cutler) 


Gingkophytes 


The single surviving species of the gingkophytes group is the Gingko 
biloba ({link]). Its fan-shaped leaves—unique among seed plants because 
they feature a dichotomous venation pattern—turn yellow in autumn and 
fall from the tree. For centuries, G. biloba was cultivated by Chinese 
Buddhist monks in monasteries, which ensured its preservation. It is planted 
in public spaces because it is unusually resistant to pollution. Male and 
female organs are produced on separate plants. Typically, gardeners plant 
only male trees because the seeds produced by the female plant have an off- 
putting smell of rancid butter. 


Lab 130 


This plate from the 1870 
book Flora Japonica, Sectio 
Prima (Tafelband) depicts the 


leaves and fruit of Gingko 
biloba, as drawn by Philipp 
Franz von Siebold and Joseph 
Gerhard Zuccarini. 


Gnetophytes 


Gnetophytes are the closest relative to modern angiosperms, and include 
three dissimilar genera of plants: Ephedra, Gnetum, and Welwitschia 
({link]). Like angiosperms, they have broad leaves. In tropical and 
subtropical zones, gnetophytes are vines or small shrubs. Ephedra occurs in 
dry areas of the West Coast of the United States and Mexico. Ephedra’s 
small, scale-like leaves are the source of the compound ephedrine, which is 
used in medicine as a potent decongestant. Because ephedrine is similar to 
amphetamines, both in chemical structure and neurological effects, its use is 
restricted to prescription drugs. Like angiosperms, but unlike other 
gymnosperms, all gnetophytes possess vessel elements in their xylem. 


(a) Ephedra (b) Gnetum (c) Welwitschia 


(a) Ephedra viridis, known by the common name Mormon tea, 
grows on the West Coast of the United States and Mexico. (b) 
Gnetum gnemon grows in Malaysia. (c) The large Welwitschia 
mirabilis can be found in the Namibian desert. (credit a: 
modification of work by USDA; credit b: modification of work 


by Malcolm Manners; credit c: modification of work by Derek 
Keats) 


Note: 
Link to Learning 


i aes 


Se ocr 
mess" Openstax COLLEGE 


Watch this BBC video describing the amazing strangeness of Welwitschia. 
https://www.openstaxcollege.org/l/welwitschia2 


Section Summary 


Gymnosperms are heterosporous seed plants that produce naked seeds. 
They appeared in the Paleozoic period and were the dominant plant life 
during the Mesozoic. Modern-day gymnosperms belong to four phyla. The 
largest phylum, Coniferophyta, is represented by conifers, the predominant 
plants at high altitude and latitude. Cycads (phylum Cycadophyta) resemble 
palm trees and grow in tropical climates. Gingko biloba is the only 
representative of the phylum Gingkophyta. The last phylum, Gnetophyta, is 
a diverse group of shrubs that produce vessel elements in their wood. 


Art Connections 


Exercise: 


Problem: (link] At what stage does the diploid zygote form? 


a. When the female cone begins to bud from the tree 
b. At fertilization 

c. When the seeds drop from the tree 

d. When the pollen tube begins to grow 


Solution: 


[link] B. The diploid zygote forms after the pollen tube has finished 
forming, so that the male generative nuclei can fuse with the female 
gametophyte. 


Review Questions 


Exercise: 


Problem: Which of the following traits characterizes gymnosperms? 


a. The plants carry exposed seeds on modified leaves. 

b. Reproductive structures are located in a flower. 

c. After fertilization, the ovary thickens and forms a fruit. 
d. The gametophyte is longest phase of the life cycle. 


Solution: 


A 
Exercise: 


Problem: 
Megasporocytes will eventually produce which of the following? 


a. pollen grain 

b. sporophytes 

c. male gametophytes 
d. female gametophytes 


Solution: 


D 
Exercise: 


Problem: 


What is the ploidy of the following structures: gametophyte, seed, 
spore, sporophyte? 


a. In, 1n, 2n, 2n 
be i 2n. Inn 
C2n, in 2nyin 
d: 27, 2n, in, in 


Solution: 
B 
Exercise: 


Problem: In the northern forests of Siberia, a tall tree is most likely a: 


a. conifer 

b. cycad 

c. Gingko biloba 
d. gnetophyte 


Solution: 


A 


Free Response 


Exercise: 


Problem: 


The Mediterranean landscape along the sea shore is dotted with pines 
and cypresses. The weather is not cold, and the trees grow at sea level. 
What evolutionary adaptation of conifers makes them suitable to the 
Mediterranean climate? 


Solution: 


The trees are adapted to arid weather, and do not lose as much water 
due to transpiration as non-conifers. 


Exercise: 
Problem: What are the four modern-day phyla of gymnosperms? 
Solution: 
The four modern-day phyla of gymnosperms are Coniferophyta, 
Cycadophyta, Gingkophyta, and Gnetophyta. 

Glossary 


conifer 
dominant phylum of gymnosperms with the most variety of trees 


cycad 
gymnosperm that grows in tropical climates and resembles a palm tree; 
member of the phylum Cycadophyta 


dioecious 
describes a species in which the male and female reproductive organs 
are Carried on separate specimens 


gingkophyte 


gymnosperm with one extant species, the Gingko biloba: a tree with 
fan-shaped leaves 


gnetophyte 
gymnosperm shrub with varied morphological features that produces 
vessel elements in its woody tissues; the phylum includes the genera 
Ephedra, Gnetum and Welwitschia 


gymnosperm 
seed plant with naked seeds (seeds exposed on modified leaves or in 
cones) 


integument 
layer of sporophyte tissue that surrounds the megasporangium, and 
later, the embryo 


megasporocyte 
megaspore mother cell; larger spore that germinates into a female 
gametophyte in a heterosporous plant 


microsporocyte 
smaller spore that produces a male gametophyte in a heterosporous 
plant 


monoecious 
describes a species in which the male and female reproductive organs 
are on the same plant 


ovulate cone 
cone containing two ovules per scale 


strobilus 
plant structure with a tight arrangement of sporophylls around a central 
stalk, as seen in cones or flowers; the male strobilus produces pollen, 
and the female strobilus produces eggs 


Angiosperms 
By the end of this section, you will be able to: 


e Explain why angiosperms are the dominant form of plant life in most 
terrestrial ecosystems 

e Describe the main parts of a flower and their purpose 

¢ Detail the life cycle of an angiosperm 

e Discuss the two main groups of flowering plants 


From their humble and still obscure beginning during the early Jurassic 
period, the angiosperms—or flowering plants—have evolved to dominate 
most terrestrial ecosystems ([link]). With more than 250,000 species, the 
angiosperm phylum (Anthophyta) is second only to insects in terms of 
diversification. 
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These flowers grow in a botanical 
garden border in Bellevue, WA. 
Flowering plants dominate terrestrial 
landscapes. The vivid colors of 
flowers are an adaptation to 
pollination by animals such as insects 
and birds. (credit: Myriam Feldman) 


The success of angiosperms is due to two novel reproductive structures: 
flowers and fruit. The function of the flower is to ensure pollination. 
Flowers also provide protection for the ovule and developing embryo inside 
a receptacle. The function of the fruit is seed dispersal. They also protect 
the developing seed. Different fruit structures or tissues on fruit—such as 
sweet flesh, wings, parachutes, or spines that grab—reflect the dispersal 
strategies that help spread seeds. 


Flowers 


Flowers are modified leaves, or sporophylls, organized around a central 
stalk. Although they vary greatly in appearance, all flowers contain the 
Same structures: sepals, petals, carpels, and stamens. The peduncle attaches 
the flower to the plant. A whorl of sepals (collectively called the calyx) is 
located at the base of the peduncle and encloses the unopened floral bud. 
Sepals are usually photosynthetic organs, although there are some 
exceptions. For example, the corolla in lilies and tulips consists of three 
sepals and three petals that look virtually identical. Petals, collectively the 
corolla, are located inside the whorl of sepals and often display vivid colors 
to attract pollinators. Flowers pollinated by wind are usually small, feathery, 
and visually inconspicuous. Sepals and petals together form the perianth. 
The sexual organs (carpels and stamens) are located at the center of the 
flower. 


As illustrated in [link], styles, stigmas, and ovules constitute the female 
organ: the gynoecium or carpel. Flower structure is very diverse, and 
carpels may be singular, multiple, or fused. Multiple fused carpels comprise 
a pistil. The megaspores and the female gametophytes are produced and 
protected by the thick tissues of the carpel. A long, thin structure called a 
style leads from the sticky stigma, where pollen is deposited, to the ovary, 
enclosed in the carpel. The ovary houses one or more ovules, each of which 
will develop into a seed upon fertilization. The male reproductive organs, 
the stamens (collectively called the androecium), surround the central 
carpel. Stamens are composed of a thin stalk called a filament and a sac- 
like structure called the anther. The filament supports the anther, where the 
microspores are produced by meiosis and develop into pollen grains. 


Androecium 


Perianth 
Corolla (composed of petals) 
Calyx (composed of sepals) 


Gynoecium (carpels) Androecium (stamens) 


Pollen grain 


ec Microsporangia 


Style 


(megasporangium) 


This image depicts the structure of a 
perfect flower. Perfect flowers produce 
both male and female floral organs. The 
flower shown has only one carpel, but 
some flowers have a cluster of carpels. 
Together, all the carpels make up the 
gynoecium. (credit: modification of work 
by Mariana Ruiz Villareal) 


Fruit 


As the seed develops, the walls of the ovary thicken and form the fruit. The 
seed forms in an ovary, which also enlarges as the seeds grow. In botany, a 
fertilized and fully grown, ripened ovary is a fruit. Many foods commonly 
called vegetables are actually fruit. Eggplants, zucchini, string beans, and 
bell peppers are all technically fruit because they contain seeds and are 


derived from the thick ovary tissue. Acorns are nuts, and winged maple 
whirligigs (whose botanical name is samara) are also fruit. Botanists 
classify fruit into more than two dozen different categories, only a few of 
which are actually fleshy and sweet. 


Mature fruit can be fleshy or dry. Fleshy fruit include the familiar berries, 
peaches, apples, grapes, and tomatoes. Rice, wheat, and nuts are examples 
of dry fruit. Another distinction is that not all fruits are derived from the 
ovary. For instance, strawberries are derived from the receptacle and apples 
from the pericarp, or hypanthium. Some fruits are derived from separate 
ovaries in a single flower, such as the raspberry. Other fruits, such as the 
pineapple, form from clusters of flowers. Additionally, some fruits, like 
watermelon and orange, have rinds. Regardless of how they are formed, 
fruits are an agent of seed dispersal. The variety of shapes and 
characteristics reflect the mode of dispersal. Wind carries the light dry fruit 
of trees and dandelions. Water transports floating coconuts. Some fruits 
attract herbivores with color or perfume, or as food. Once eaten, tough, 
undigested seeds are dispersed through the herbivore’s feces. Other fruits 
have burs and hooks to cling to fur and hitch rides on animals. 


The Life Cycle of an Angiosperm 


The adult, or sporophyte, phase is the main phase of an angiosperm’s life 
cycle ({link]). Like gymnosperms, angiosperms are heterosporous. 
Therefore, they generate microspores, which will generate pollen grains as 
the male gametophytes, and megaspores, which will form an ovule that 
contains female gametophytes. Inside the anthers’ microsporangia, male 
gametophytes divide by meiosis to generate haploid microspores, which, in 
turn, undergo mitosis and give rise to pollen grains. Each pollen grain 
contains two cells: one generative cell that will divide into two sperm and a 
second cell that will become the pollen tube cell. 


Note: 
Art Connection 


Microsporangium 
Anther 


Perianth 
Petal : Corolla 
Sepal : Calyx 
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_ —_— 
‘ollen grain 


Pollen tube Pollen tube 
Tube nucleus 


Pollination and Fertilization 


The life cycle of an angiosperm is shown. 
Anthers and carpels are structures that shelter 
the actual gametophytes: the pollen grain and 
embryo sac. Double fertilization is a process 

unique to angiosperms. (credit: modification of 
work by Mariana Ruiz Villareal) 


If a flower lacked a megasporangium, what type of gamete would not 
form? If the flower lacked a microsporangium, what type of gamete would 
not form? 


The ovule, sheltered within the ovary of the carpel, contains the 
megasporangium protected by two layers of integuments and the ovary 
wall. Within each megasporangium, a megasporocyte undergoes meiosis, 
generating four megaspores—three small and one large. Only the large 
megaspore survives; it produces the female gametophyte, referred to as the 
embryo sac. The megaspore divides three times to form an eight-cell stage. 
Four of these cells migrate to each pole of the embryo sac; two come to the 
equator, and will eventually fuse to form a 2n polar nucleus; the three cells 
away from the egg form antipodals, and the two cells closest to the egg 
become the synergids. 


The mature embryo sac contains one egg cell, two synergids or “helper” 
cells, three antipodal cells, and two polar nuclei in a central cell. When a 
pollen grain reaches the stigma, a pollen tube extends from the grain, grows 
down the style, and enters through the micropyle: an opening in the 
integuments of the ovule. The two sperm cells are deposited in the embryo 
sac. 


A double fertilization event then occurs. One sperm and the egg combine, 
forming a diploid zygote—the future embryo. The other sperm fuses with 
the 2n polar nuclei, forming a triploid cell that will develop into the 
endosperm, which is tissue that serves as a food reserve. The zygote 
develops into an embryo with a radicle, or small root, and one (monocot) or 
two (dicot) leaf-like organs called cotyledons. This difference in the 
number of embryonic leaves is the basis for the two major groups of 
angiosperms: the monocots and the eudicots. Seed food reserves are stored 
outside the embryo, in the form of complex carbohydrates, lipids or 
proteins. The cotyledons serve as conduits to transmit the broken-down 
food reserves from their storage site inside the seed to the developing 
embryo. The seed consists of a toughened layer of integuments forming the 
coat, the endosperm with food reserves, and at the center, the well-protected 
embryo. 


Most flowers are monoecious or bisexual, which means that they carry both 
stamens and carpels; only a few species self-pollinate. Monoecious flowers 
are also known as “perfect” flowers because they contain both types of sex 

organs ({link]). Both anatomical and environmental barriers promote cross- 


pollination mediated by a physical agent (wind or water), or an animal, such 
as an insect or bird. Cross-pollination increases genetic diversity in a 
species. 


Diversity of Angiosperms 


Angiosperms are classified in a single phylum: the Anthophyta. Modern 
angiosperms appear to be a monophyletic group, which means that they 
originate from a single ancestor. Flowering plants are divided into two 
major groups, according to the structure of the cotyledons, pollen grains, 
and other structures. Monocots include grasses and lilies, and eudicots or 
dicots form a polyphyletic group. Basal angiosperms are a group of plants 
that are believed to have branched off before the separation into monocots 
and eudicots because they exhibit traits from both groups. They are 
categorized separately in many classification schemes. The Magnoliidae 
(magnolia trees, laurels, and water lilies) and the Piperaceae (peppers) 
belong to the basal angiosperm group. 


Basal Angiosperms 


The Magnoliidae are represented by the magnolias: tall trees bearing large, 
fragrant flowers that have many parts and are considered archaic ((link]d). 
Laurel trees produce fragrant leaves and small, inconspicuous flowers. The 
Laurales grow mostly in warmer climates and are small trees and shrubs. 
Familiar plants in this group include the bay laurel, cinnamon, spice bush 
({link]a), and avocado tree. The Nymphaeales are comprised of the water 
lilies, lotus ({link]c), and similar plants; all species thrive in freshwater 
biomes, and have leaves that float on the water surface or grow underwater. 
Water lilies are particularly prized by gardeners, and have graced ponds and 
pools for thousands of years. The Piperales are a group of herbs, shrubs, 
and small trees that grow in the tropical climates. They have small flowers 
without petals that are tightly arranged in long spikes. Many species are the 
source of prized fragrance or spices, for example the berries of Piper 
nigrum ((link]b) are the familiar black peppercorns that are used to flavor 
many dishes. 


The (a) common spicebush belongs to 
the Laurales, the same family as 
cinnamon and bay laurel. The fruit of 
(b) the Piper nigrum plant is black 
pepper, the main product that was 
traded along spice routes. Notice the 
small, unobtrusive, clustered flowers. 
(c) Lotus flowers, Nelumbo nucifera, 
have been cultivated since ancient 
times for their ornamental value; the 
root of the lotus flower is eaten as a 
vegetable. The red seeds of (d) a 
magnolia tree, characteristic of the 
final stage, are just starting to appear. 
(credit a: modification of work by 
Cory Zanker; credit b: modification 
of work by Franz Eugen Kohler; 
credit c: modification of work by 
"berduchwal"/Flickr; credit d: 


modification of work by 
"Coastside2"/Wikimedia Commons). 


Monocots 


Plants in the monocot group are primarily identified as such by the presence 
of a single cotyledon in the seedling. Other anatomical features shared by 
monocots include veins that run parallel to the length of the leaves, and 
flower parts that are arranged in a three- or six-fold symmetry. True woody 
tissue is rarely found in monocots. In palm trees, vascular and parenchyma 
tissues produced by the primary and secondary thickening meristems form 
the trunk. The pollen from the first angiosperms was monosulcate, 
containing a single furrow or pore through the outer layer. This feature is 
still seen in the modern monocots. Vascular tissue of the stem is not 
arranged in any particular pattern. The root system is mostly adventitious 
and unusually positioned, with no major tap root. The monocots include 
familiar plants such as the true lilies (which are at the origin of their 
alternate name of Liliopsida), orchids, grasses, and palms. Many important 
crops are monocots, such as rice and other cereals, corn, sugar cane, and 
tropical fruits like bananas and pineapples ((link]). 


Monocots 


(a) Rice (b) Wheat (c) Bananas 


Dicots 


d) Cabbage ‘e) Beans Peaches 
9) 


The world’s major crops are flowering plants. (a) 
Rice, (b) wheat, and (c) bananas are monocots, while 
(d) cabbage, (e) beans, and (f) peaches are dicots. 
(credit a: modification of work by David Nance, 
USDA ARS; credit b, c: modification of work by 
Rosendahl; credit d: modification of work by Bill 
Tarpenning, USDA; credit e: modification of work by 
Scott Bauer, USDA ARS; credit f: modification of 
work by Keith Weller, USDA) 


Eudicots 


Eudicots, or true dicots, are characterized by the presence of two cotyledons 
in the developing shoot. Veins form a network in leaves, and flower parts 
come in four, five, or many whorls. Vascular tissue forms a ring in the stem; 
in monocots, vascular tissue is scattered in the stem. Eudicots can be 
herbaceous (like grasses), or produce woody tissues. Most eudicots 
produce pollen that is trisulcate or triporate, with three furrows or pores. 


The root system is usually anchored by one main root developed from the 
embryonic radicle. Eudicots comprise two-thirds of all flowering plants. 
The major differences between monocots and eudicots are summarized in 
[link]. Many species exhibit characteristics that belong to either group; as 
such, the classification of a plant as a monocot or a eudicot is not always 
clearly evident. 


Comparison of Structural Characteristics of Monocots and 
Eudicots 


Characteristic Monocot Eudicot 

Cotyledon One Two 

veer Parallel Network (branched) 
Leaves 


Stem Vascular 


; Scattered Arranged in ring pattern 

Tissue 8 &P 

er i Tap root with many lateral 
Roots adventitious 

roots 

roots 
Pollen Monosulcate Trisulcate 

Three or Four, five, multiple of four 
Flower Parts ; : 

multiple of three or five and whorls 


Section Summary 


Angiosperms are the dominant form of plant life in most terrestrial 
ecosystems, comprising about 90 percent of all plant species. Most crops 
and ornamental plants are angiosperms. Their success comes from two 
innovative structures that protect reproduction from variability in the 
environment: the flower and the fruit. Flowers were derived from modified 
leaves. The main parts of a flower are the sepals and petals, which protect 
the reproductive parts: the stamens and the carpels. The stamens produce 
the male gametes in pollen grains. The carpels contain the female gametes 
(the eggs inside the ovules), which are within the ovary of a carpel. The 
walls of the ovary thicken after fertilization, ripening into fruit that ensures 
dispersal by wind, water, or animals. 


The angiosperm life cycle is dominated by the sporophyte stage. Double 
fertilization is an event unique to angiosperms. One sperm in the pollen 
fertilizes the egg, forming a diploid zygote, while the other combines with 
the two polar nuclei, forming a triploid cell that develops into a food 
storage tissue called the endosperm. Flowering plants are divided into two 
main groups, the monocots and eudicots, according to the number of 
cotyledons in the seedlings. Basal angiosperms belong to an older lineage 
than monocots and eudicots. 


Art Connections 


Exercise: 
Problem: 
[link] If a flower lacked a megasporangium, what type of gamete 


would not form? If the flower lacked a microsporangium, what type of 
gamete would not form? 


Solution: 


[link] Without a megasporangium, an egg would not form; without a 
microsporangium, pollen would not form. 


Review Questions 


Exercise: 


Problem: 


Which of the following structures in a flower is not directly involved 
in reproduction? 


a. the style 
b. the stamen 
c. the sepal 
d. the anther 


Solution: 


C 


Exercise: 


Problem: Pollen grains develop in which structure? 


a. the anther 
b. the stigma 
c. the filament 
d. the carpel 


Solution: 


A 
Exercise: 


Problem: 


In the course of double fertilization, one sperm cell fuses with the egg 
and the second one fuses with 


a. the synergids 
b. the polar nuclei of the center cell 


c. the egg as well 
d. the antipodal cells 


Solution: 


B 
Exercise: 
Problem: 
Corn develops from a seedling with a single cotyledon, displays 


parallel veins on its leaves, and produces monosulcate pollen. It is 
most likely: 


a. a Symnosperm 

b. a monocot 

c. a eudicot 

d. a basal angiosperm 


Solution: 


B 


Free Response 


Exercise: 
Problem: 
Some cycads are considered endangered species and their trade is 
severely restricted. Customs officials stop suspected smugglers who 


claim that the plants in their possession are palm trees, not cycads. 
How would a botanist distinguish between the two types of plants? 


Solution: 


The resemblance between cycads and palm trees is only superficial. 
Cycads are gymnosperms and do not bear flowers or fruit. Cycads 
produce cones: large, female cones that produce naked seeds, and 
smaller male cones on separate plants. Palms do not. 


Exercise: 
Problem: 


What are the two structures that allow angiosperms to be the dominant 
form of plant life in most terrestrial ecosystems? 


Solution: 


Angiosperms are successful because of flowers and fruit. These 
structures protect reproduction from variability in the environment. 


Glossary 


anther 
sac-like structure at the tip of the stamen in which pollen grains are 
produced 


Anthophyta 
phylum to which angiosperms belong 


basal angiosperms 
a group of plants that probably branched off before the separation of 
monocots and eudicots 


calyx 
whorl of sepals 


carpel 
single unit of the pistil 


corolla 
collection of petals 


cotyledon 
primitive leaf that develop in the zygote; monocots have one 
cotyledon, and dicots have two cotyledons 


dicot 
(also, eudicot) related group of angiosperms whose embryos possess 
two cotyledons 


filament 
thin stalk that links the anther to the base of the flower 


gynoecium 
(also, carpel) structure that constitute the female reproductive organ 


herbaceous 
grass-like plant noticeable by the absence of woody tissue 


monocot 
related group of angiosperms that produce embryos with one cotyledon 
and pollen with a single ridge 


Ovary 
chamber that contains and protects the ovule or female 
megasporangium 


perianth 
part of the plant consisting of the calyx (sepals) and corolla (petals) 


petal 
modified leaf interior to the sepals; colorful petals attract animal 


pollinators 


pistil 
fused group of carpels 


sepal 
modified leaf that encloses the bud; outermost structure of a flower 


stamen 


structure that contains the male reproductive organs 


stigma 
uppermost structure of the carpel where pollen is deposited 


style 
long, thin structure that links the stigma to the ovary 


Introduction 
class="introduction" 


A locust leaf 
consists of 
leaflets arrayed 
along a central 
midrib. Each 
leaflet is a 
complex 
photosynthetic 
machine, 
exquisitely 
adapted to 
capture 
sunlight and 
carbon 
dioxide. An 
intricate 
vascular 
system 
supplies the 
leaf with water 
and minerals, 
and exports the 
products of 
photosynthesis 
. (credit: 
modification 
of work by 
Todd Petit) 


Plants are as essential to human existence as land, water, and air. Without 
plants, our day-to-day lives would be impossible because without oxygen 
from photosynthesis, aerobic life cannot be sustained. From providing food 
and shelter to serving as a source of medicines, oils, perfumes, and 
industrial products, plants provide humans with numerous valuable 


resources. 


When you think of plants, most of the organisms that come to mind are 
vascular plants. These plants have tissues that conduct food and water, and 
they have seeds. Seed plants are divided into gymnosperms and 
angiosperms. Gymnosperms include the needle-leaved conifers—spruce, 
fir, and pine—as well as less familiar plants, such as ginkgos and cycads. 
Their seeds are not enclosed by a fleshy fruit. Angiosperms, also called 
flowering plants, constitute the majority of seed plants. They include 
broadleaved trees (such as maple, oak, and elm), vegetables (such as 
potatoes, lettuce, and carrots), grasses, and plants known for the beauty of 
their flowers (roses, irises, and daffodils, for example). 


While individual plant species are unique, all share a common structure: a 
plant body consisting of stems, roots, and leaves. They all transport water, 
minerals, and sugars produced through photosynthesis through the plant 
body in a similar manner. All plant species also respond to environmental 
factors, such as light, gravity, competition, temperature, and predation. 


The Plant Body 
By the end of this section, you will be able to: 


Describe the shoot organ system and the root organ system 
Distinguish between meristematic tissue and permanent tissue 
Identify and describe the three regions where plant growth occurs 
Summarize the roles of dermal tissue, vascular tissue, and ground 
tissue 


Compare simple plant tissue with complex plant tissue 


Like animals, plants contain cells with organelles in which specific 


metabolic activities take place. Unlike animals, however, plants use energy 
from sunlight to form sugars during photosynthesis. In addition, plant cells 
have cell walls, plastids, and a large central vacuole: structures that are not 
found in animal cells. Each of these cellular structures plays a specific role 


in plant structure and function. 


Note: 
Link to Learning 
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Det ae 


Watch Botany Without Borders, a video produced by the Botanical Society 


of America about the importance of plants. 


Plant Organ Systems 


In plants, just as in animals, similar cells working together form a tissue. 


When different types of tissues work together to perform a unique function, 


they form an organ; organs working together form organ systems. Vascular 


plants have two distinct organ systems: a shoot system, and a root system. 
The shoot system consists of two portions: the vegetative (non- 
reproductive) parts of the plant, such as the leaves and the stems, and the 
reproductive parts of the plant, which include flowers and fruits. The shoot 
system generally grows above ground, where it absorbs the light needed for 
photosynthesis. The root system, which supports the plants and absorbs 
water and minerals, is usually underground. [link] shows the organ systems 
of a typical plant. 


Reproductive 


Vegetative 


Shoot system 


Root system 


The shoot system of a plant 
consists of leaves, stems, flowers, 
and fruits. The root system 
anchors the plant while absorbing 
water and minerals from the soil. 


Plant Tissues 


Plants are multicellular eukaryotes with tissue systems made of various cell 
types that carry out specific functions. Plant tissue systems fall into one of 
two general types: meristematic tissue, and permanent (or non- 
meristematic) tissue. Cells of the meristematic tissue are found in 
meristems, which are plant regions of continuous cell division and growth. 
Meristematic tissue cells are either undifferentiated or incompletely 
differentiated, and they continue to divide and contribute to the growth of 
the plant. In contrast, permanent tissue consists of plant cells that are no 
longer actively dividing. 


Meristematic tissues consist of three types, based on their location in the 
plant. Apical meristems contain meristematic tissue located at the tips of 
stems and roots, which enable a plant to extend in length. Lateral 
meristems facilitate growth in thickness or girth in a maturing plant. 
Intercalary meristems occur only in monocots, at the bases of leaf blades 
and at nodes (the areas where leaves attach to a stem). This tissue enables 
the monocot leaf blade to increase in length from the leaf base; for example, 
it allows lawn grass leaves to elongate even after repeated mowing. 


Meristems produce cells that quickly differentiate, or specialize, and 
become permanent tissue. Such cells take on specific roles and lose their 
ability to divide further. They differentiate into three main types: dermal, 
vascular, and ground tissue. Dermal tissue covers and protects the plant, 
and vascular tissue transports water, minerals, and sugars to different parts 
of the plant. Ground tissue serves as a site for photosynthesis, provides a 
supporting matrix for the vascular tissue, and helps to store water and 
sugars. 


Secondary tissues are either simple (composed of similar cell types) or 
complex (composed of different cell types). Dermal tissue, for example, is a 
simple tissue that covers the outer surface of the plant and controls gas 
exchange. Vascular tissue is an example of a complex tissue, and is made of 
two specialized conducting tissues: xylem and phloem. Xylem tissue 
transports water and nutrients from the roots to different parts of the plant, 
and includes three different cell types: vessel elements and tracheids (both 
of which conduct water), and xylem parenchyma. Phloem tissue, which 
transports organic compounds from the site of photosynthesis to other parts 


of the plant, consists of four different cell types: sieve cells (which conduct 
photosynthates), companion cells, phloem parenchyma, and phloem fibers. 
Unlike xylem conducting cells, phloem conducting cells are alive at 
maturity. The xylem and phloem always lie adjacent to each other ((link]). 
In stems, the xylem and the phloem form a structure called a vascular 
bundle; in roots, this is termed the vascular stele or vascular cylinder. 


200 um 


This light micrograph shows a cross 
section of a squash (Cucurbita maxima) 
stem. Each teardrop-shaped vascular 
bundle consists of large xylem vessels 
toward the inside and smaller phloem 
cells toward the outside. Xylem cells, 
which transport water and nutrients from 
the roots to the rest of the plant, are dead 
at functional maturity. Phloem cells, 
which transport sugars and other organic 
compounds from photosynthetic tissue to 
the rest of the plant, are living. The 
vascular bundles are encased in ground 
tissue and surrounded by dermal tissue. 
(credit: modification of work by " 


(biophotos)"/Flickr; scale-bar data from 
Matt Russell) 


Section Summary 


A vascular plant consists of two organ systems: the shoot system and the 
root system. The shoot system includes the aboveground vegetative 
portions (stems and leaves) and reproductive parts (flowers and fruits). The 
root system supports the plant and is usually underground. A plant is 
composed of two main types of tissue: meristematic tissue and permanent 
tissue. Meristematic tissue consists of actively dividing cells found in root 
and shoot tips. As growth occurs, meristematic tissue differentiates into 
permanent tissue, which is categorized as either simple or complex. Simple 
tissues are made up of similar cell types; examples include dermal tissue 
and ground tissue. Dermal tissue provides the outer covering of the plant. 
Ground tissue is responsible for photosynthesis; it also supports vascular 
tissue and may store water and sugars. Complex tissues are made up of 
different cell types. Vascular tissue, for example, is made up of xylem and 
phloem cells. 


Review Questions 


Exercise: 


Problem: 
Plant regions of continuous growth are made up of 


a. dermal tissue 

b. vascular tissue 

c. meristematic tissue 
d. permanent tissue 


Solution: 


C 


Exercise: 


Problem: Which of the following is the major site of photosynthesis? 


a. apical meristem 
b. ground tissue 

c. xylem cells 

d. phloem cells 


Solution: 


B 


Free Response 


Exercise: 
Problem: 
What type of meristem is found only in monocots, such as lawn 


grasses? Explain how this type of meristematic tissue is beneficial in 
lawn grasses that are mowed each week. 


Solution: 


Lawn grasses and other monocots have an intercalary meristem, which 
is a region of meristematic tissue at the base of the leaf blade. This is 
beneficial to the plant because it can continue to grow even when the 
tip of the plant is removed by grazing or mowing. 


Exercise: 


Problem: 


Which plant part is responsible for transporting water, minerals, and 
sugars to different parts of the plant? Name the two types of tissue that 
make up this overall tissue, and explain the role of each. 


Solution: 


Vascular tissue transports water, minerals, and sugars throughout the 
plant. Vascular tissue is made up of xylem tissue and phloem tissue. 
Xylem tissue transports water and nutrients from the roots upward. 
Phloem tissue carries sugars from the sites of photosynthesis to the rest 
of the plant. 


Glossary 


apical meristem 
meristematic tissue located at the tips of stems and roots; enables a 
plant to extend in length 


dermal tissue 
protective plant tissue covering the outermost part of the plant; 
controls gas exchange 


ground tissue 
plant tissue involved in photosynthesis; provides support, and stores 
water and sugars 


intercalary meristem 
meristematic tissue located at nodes and the bases of leaf blades; found 
only in monocots 


lateral meristem 
meristematic tissue that enables a plant to increase in thickness or girth 


meristematic tissue 


tissue containing cells that constantly divide; contributes to plant 
growth 


meristem 
plant region of continuous growth 


permanent tissue 
plant tissue composed of cells that are no longer actively dividing 


root system 
belowground portion of the plant that supports the plant and absorbs 
water and minerals 


shoot system 
aboveground portion of the plant; consists of non-reproductive plant 
parts, such as leaves and stems, and reproductive parts, such as flowers 
and fruits 


vascular bundle 
strands of stem tissue made up of xylem and phloem 


vascular stele 
strands of root tissue made up of xylem and phloem 


vascular tissue 
tissue made up of xylem and phloem that transports food and water 
throughout the plant 


Stems 
By the end of this section, you will be able to: 


e Describe the main function and basic structure of stems 

e Compare and contrast the roles of dermal tissue, vascular tissue, and 
ground tissue 

e Distinguish between primary growth and secondary growth in stems 

e Summarize the origin of annual rings 

e List and describe examples of modified stems 


Stems are a part of the shoot system of a plant. They may range in length 
from a few millimeters to hundreds of meters, and also vary in diameter, 
depending on the plant type. Stems are usually above ground, although the 
stems of some plants, such as the potato, also grow underground. Stems 
may be herbaceous (soft) or woody in nature. Their main function is to 
provide support to the plant, holding leaves, flowers and buds; in some 
cases, stems also store food for the plant. A stem may be unbranched, like 
that of a palm tree, or it may be highly branched, like that of a magnolia 
tree. The stem of the plant connects the roots to the leaves, helping to 
transport absorbed water and minerals to different parts of the plant. It also 
helps to transport the products of photosynthesis, namely sugars, from the 
leaves to the rest of the plant. 


Plant stems, whether above or below ground, are characterized by the 
presence of nodes and internodes ([link]). Nodes are points of attachment 
for leaves, aerial roots, and flowers. The stem region between two nodes is 
called an internode. The stalk that extends from the stem to the base of the 
leaf is the petiole. An axillary bud is usually found in the axil—the area 
between the base of a leaf and the stem—where it can give rise to a branch 
or a flower. The apex (tip) of the shoot contains the apical meristem within 
the apical bud. 


Petiole 


Leaves are attached to the plant 
stem at areas called nodes. An 
internode is the stem region 
between two nodes. The petiole is 
the stalk connecting the leaf to the 
stem. The leaves just above the 
nodes arose from axillary buds. 


Stem Anatomy 


The stem and other plant organs arise from the ground tissue, and are 
primarily made up of simple tissues formed from three types of cells: 
parenchyma, collenchyma, and sclerenchyma cells. 


Parenchyma cells are the most common plant cells ({link]). They are found 
in the stem, the root, the inside of the leaf, and the pulp of the fruit. 
Parenchyma cells are responsible for metabolic functions, such as 


photosynthesis, and they help repair and heal wounds. Some parenchyma 
cells also store starch. 


The stem of common St John's 


Wort (Hypericum perforatum) is 
shown in cross section in this light 
micrograph. The central pith 
(greenish-blue, in the center) and 
peripheral cortex (narrow zone 3— 
5 cells thick just inside the 
epidermis) are composed of 
parenchyma cells. Vascular tissue 
composed of xylem (red) and 
phloem tissue (green, between the 
xylem and cortex) surrounds the 
pith. (credit: Rolf-Dieter Mueller) 


Collenchyma cells are elongated cells with unevenly thickened walls 
({link]). They provide structural support, mainly to the stem and leaves. 
These cells are alive at maturity and are usually found below the epidermis. 
The “strings” of a celery stalk are an example of collenchyma cells. 


Collenchyma cell walls are uneven 
in thickness, as seen in this light 
micrograph. They provide support 
to plant structures. (credit: 
modification of work by Carl 
Szczerski; scale-bar data from 
Matt Russell) 


Sclerenchyma cells also provide support to the plant, but unlike 
collenchyma cells, many of them are dead at maturity. There are two types 
of sclerenchyma cells: fibers and sclereids. Both types have secondary cell 
walls that are thickened with deposits of lignin, an organic compound that is 
a key component of wood. Fibers are long, slender cells; sclereids are 
smaller-sized. Sclereids give pears their gritty texture. Humans use 
sclerenchyma fibers to make linen and rope ([link]). 


Note: 
Art Connection 


Phloem 


The central pith and outer cortex of the (a) flax 
stem are made up of parenchyma cells. Inside the 
cortex is a layer of sclerenchyma cells, which 
make up the fibers in flax rope and clothing. 
Humans have grown and harvested flax for 
thousands of years. In (b) this drawing, fourteenth- 
century women prepare linen. The (c) flax plant is 
grown and harvested for its fibers, which are used 
to weave linen, and for its seeds, which are the 
source of linseed oil. (credit a: modification of 
work by Emmanuel Boutet based on original work 
by Ryan R. MacKenzie; credit c: modification of 
work by Brian Dearth; scale-bar data from Matt 
Russell) 


Which layers of the stem are made of parenchyma cells? 


a. cortex and pith 
b. phloem 

c. sclerenchyma 
d. xylem 


Like the rest of the plant, the stem has three tissue systems: dermal, 
vascular, and ground tissue. Each is distinguished by characteristic cell 
types that perform specific tasks necessary for the plant’s growth and 
survival. 


Dermal Tissue 


The dermal tissue of the stem consists primarily of epidermis, a single 
layer of cells covering and protecting the underlying tissue. Woody plants 
have a tough, waterproof outer layer of cork cells commonly known as 
bark, which further protects the plant from damage. Epidermal cells are the 
most numerous and least differentiated of the cells in the epidermis. The 
epidermis of a leaf also contains openings known as stomata, through which 
the exchange of gases takes place ({link]). Two cells, known as guard cells, 
surround each leaf stoma, controlling its opening and closing and thus 
regulating the uptake of carbon dioxide and the release of oxygen and water 
vapor. Trichomes are hair-like structures on the epidermal surface. They 
help to reduce transpiration (the loss of water by aboveground plant parts), 
increase solar reflectance, and store compounds that defend the leaves 
against predation by herbivores. 


Guard cells Open stoma Closed stoma 
(b) 


L> Guard cells 


Stomatal pore 
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(c) 


Openings called stomata (singular: stoma) allow a plant to take 
up carbon dioxide and release oxygen and water vapor. The (a) 
colorized scanning-electron micrograph shows a closed stoma 
of a dicot. Each stoma is flanked by two guard cells that 
regulate its (b) opening and closing. The (c) guard cells sit 
within the layer of epidermal cells (credit a: modification of 
work by Louisa Howard, Rippel Electron Microscope Facility, 
Dartmouth College; credit b: modification of work by June 
Kwak, University of Maryland; scale-bar data from Matt 
Russell) 


Vascular Tissue 


The xylem and phloem that make up the vascular tissue of the stem are 
arranged in distinct strands called vascular bundles, which run up and down 
the length of the stem. When the stem is viewed in cross section, the 
vascular bundles of dicot stems are arranged in a ring. In plants with stems 
that live for more than one year, the individual bundles grow together and 


produce the characteristic growth rings. In monocot stems, the vascular 
bundles are randomly scattered throughout the ground tissue ([Link]). 
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In (a) dicot stems, vascular bundles are arranged 
around the periphery of the ground tissue. The 
xylem tissue is located toward the interior of the 
vascular bundle, and phloem is located toward the 
exterior. Sclerenchyma fibers cap the vascular 
bundles. In (b) monocot stems, vascular bundles 
composed of xylem and phloem tissues are 
scattered throughout the ground tissue. 


Xylem tissue has three types of cells: xylem parenchyma, tracheids, and 
vessel elements. The latter two types conduct water and are dead at 
maturity. Tracheids are xylem cells with thick secondary cell walls that are 
lignified. Water moves from one tracheid to another through regions on the 
side walls known as pits, where secondary walls are absent. Vessel 
elements are xylem cells with thinner walls; they are shorter than tracheids. 
Each vessel element is connected to the next by means of a perforation plate 
at the end walls of the element. Water moves through the perforation plates 
to travel up the plant. 


Phloem tissue is composed of sieve-tube cells, companion cells, phloem 
parenchyma, and phloem fibers. A series of sieve-tube cells (also called 
sieve-tube elements) are arranged end to end to make up a long sieve tube, 
which transports organic substances such as sugars and amino acids. The 
sugars flow from one sieve-tube cell to the next through perforated sieve 
plates, which are found at the end junctions between two cells. Although 
still alive at maturity, the nucleus and other cell components of the sieve- 
tube cells have disintegrated. Companion cells are found alongside the 
sieve-tube cells, providing them with metabolic support. The companion 
cells contain more ribosomes and mitochondria than the sieve-tube cells, 
which lack some cellular organelles. 


Ground Tissue 


Ground tissue is mostly made up of parenchyma cells, but may also contain 
collenchyma and sclerenchyma cells that help support the stem. The ground 
tissue towards the interior of the vascular tissue in a stem or root is known 
as pith, while the layer of tissue between the vascular tissue and the 
epidermis is known as the cortex. 


Growth in Stems 


Growth in plants occurs as the stems and roots lengthen. Some plants, 
especially those that are woody, also increase in thickness during their life 
span. The increase in length of the shoot and the root is referred to as 
primary growth, and is the result of cell division in the shoot apical 
meristem. Secondary growth is characterized by an increase in thickness 
or girth of the plant, and is caused by cell division in the lateral meristem. 
[link] shows the areas of primary and secondary growth in a plant. 
Herbaceous plants mostly undergo primary growth, with hardly any 
secondary growth or increase in thickness. Secondary growth or “wood” is 
noticeable in woody plants; it occurs in some dicots, but occurs very rarely 
in monocots. 
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In woody plants, primary growth is followed by 
secondary growth, which allows the plant stem to 
increase in thickness or girth. Secondary vascular 

tissue is added as the plant grows, as well as a cork 
layer. The bark of a tree extends from the vascular 
cambium to the epidermis. 


Some plant parts, such as stems and roots, continue to grow throughout a 
plant’s life: a phenomenon called indeterminate growth. Other plant parts, 
such as leaves and flowers, exhibit determinate growth, which ceases when 
a plant part reaches a particular size. 


Primary Growth 


Most primary growth occurs at the apices, or tips, of stems and roots. 
Primary growth is a result of rapidly dividing cells in the apical meristems 
at the shoot tip and root tip. Subsequent cell elongation also contributes to 


primary growth. The growth of shoots and roots during primary growth 
enables plants to continuously seek water (roots) or sunlight (shoots). 


The influence of the apical bud on overall plant growth is known as apical 
dominance, which diminishes the growth of axillary buds that form along 
the sides of branches and stems. Most coniferous trees exhibit strong apical 
dominance, thus producing the typical conical Christmas tree shape. If the 
apical bud is removed, then the axillary buds will start forming lateral 
branches. Gardeners make use of this fact when they prune plants by cutting 
off the tops of branches, thus encouraging the axillary buds to grow out, 
giving the plant a bushy shape. 


Note: 
Link to Learning 
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Watch this BBC Nature video showing how time-lapse photography 
captures plant growth at high speed. 


Secondary Growth 


The increase in stem thickness that results from secondary growth is due to 
the activity of the lateral meristems, which are lacking in herbaceous plants. 
Lateral meristems include the vascular cambium and, in woody plants, the 
cork cambium (see [link]). The vascular cambium is located just outside the 
primary xylem and to the interior of the primary phloem. The cells of the 
vascular cambium divide and form secondary xylem (tracheids and vessel 
elements) to the inside, and secondary phloem (sieve elements and 
companion cells) to the outside. The thickening of the stem that occurs in 


secondary growth is due to the formation of secondary phloem and 
secondary xylem by the vascular cambium, plus the action of cork 
cambium, which forms the tough outermost layer of the stem. The cells of 
the secondary xylem contain lignin, which provides hardiness and strength. 


In woody plants, cork cambium is the outermost lateral meristem. It 
produces cork cells (bark) containing a waxy substance known as suberin 
that can repel water. The bark protects the plant against physical damage 
and helps reduce water loss. The cork cambium also produces a layer of 
cells known as phelloderm, which grows inward from the cambium. The 
cork cambium, cork cells, and phelloderm are collectively termed the 
periderm. The periderm substitutes for the epidermis in mature plants. In 
some plants, the periderm has many openings, known as lenticels, which 
allow the interior cells to exchange gases with the outside atmosphere 
({link]). This supplies oxygen to the living and metabolically active cells of 
the cortex, xylem and phloem. 


Lenticels on the bark of this 
cherry tree enable the woody 
stem to exchange gases with 


the surrounding atmosphere. 
(credit: Roger Griffith) 


Annual Rings 


The activity of the vascular cambium gives rise to annual growth rings. 
During the spring growing season, cells of the secondary xylem have a 
large internal diameter and their primary cell walls are not extensively 
thickened. This is known as early wood, or spring wood. During the fall 
season, the secondary xylem develops thickened cell walls, forming late 
wood, or autumn wood, which is denser than early wood. This alternation 
of early and late wood is due largely to a seasonal decrease in the number of 
vessel elements and a seasonal increase in the number of tracheids. It results 
in the formation of an annual ring, which can be seen as a circular ring in 
the cross section of the stem ({link]). An examination of the number of 
annual rings and their nature (such as their size and cell wall thickness) can 
reveal the age of the tree and the prevailing climatic conditions during each 
season. 


The rate of wood growth increases 


in summer and decreases in winter, 
producing a characteristic ring for 
each year of growth. Seasonal 
changes in weather patterns can 
also affect the growth rate—note 
how the rings vary in thickness. 
(credit: Adrian Pingstone) 


Stem Modifications 


Some plant species have modified stems that are especially suited to a 
particular habitat and environment ([link]). A rhizome is a modified stem 
that grows horizontally underground and has nodes and internodes. Vertical 
shoots may arise from the buds on the rhizome of some plants, such as 
ginger and ferns. Corms are similar to rhizomes, except they are more 
rounded and fleshy (such as in gladiolus). Corms contain stored food that 
enables some plants to survive the winter. Stolons are stems that run almost 
parallel to the ground, or just below the surface, and can give rise to new 
plants at the nodes. Runners are a type of stolon that runs above the ground 
and produces new clone plants at nodes at varying intervals: strawberries 
are an example. Tubers are modified stems that may store starch, as seen in 
the potato (Solanum sp.). Tubers arise as swollen ends of stolons, and 
contain many adventitious or unusual buds (familiar to us as the “eyes” on 
potatoes). A bulb, which functions as an underground storage unit, is a 
modification of a stem that has the appearance of enlarged fleshy leaves 
emerging from the stem or surrounding the base of the stem, as seen in the 
iris. 


(a) Rhizome 


(d) Ruaner ) an ~~ 4 (e) Tuber 


Stem modifications enable plants to thrive in a variety of 
environments. Shown are (a) ginger (Zingiber officinale) 
rhizomes, (b) a carrion flower (Amorphophallus titanum) corm 
(c) Rhodes grass (Chloris gayana) stolons, (d) strawberry 
(Fragaria ananassa) runners, (e) potato (Solanum tuberosum) 
tubers, and (f) red onion (Allium) bulbs. (credit a: modification 
of work by Maja Dumat; credit c: modification of work by 
Harry Rose; credit d: modification of work by Rebecca Siegel; 
credit e: modification of work by Scott Bauer, USDA ARS; 
credit f: modification of work by Stephen Ausmus, USDA 
ARS) 


Note: 
Link to Learning 
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Watch botanist Wendy Hodgson, of Desert Botanical Garden in Phoenix, 
Arizona, explain how agave plants were cultivated for food hundreds of 
years ago in the Arizona desert in this video: Finding the Roots of an 
Ancient Crop. 


Some aerial modifications of stems are tendrils and thorns ({link]). Tendrils 
are slender, twining strands that enable a plant (like a vine or pumpkin) to 
seek support by climbing on other surfaces. Thorns are modified branches 
appearing as sharp outgrowths that protect the plant; common examples 
include roses, Osage orange and devil’s walking stick. 


Found in southeastern United States, (a) 
buckwheat vine (Brunnichia ovata) is a weedy 
plant that climbs with the aid of tendrils. This one 
is shown climbing up a wooden stake. (b) Thorns 
are modified branches. (credit a: modification of 
work by Christopher Meloche, USDA ARS; credit 
b: modification of work by “macrophile”/Flickr) 


Section Summary 


The stem of a plant bears the leaves, flowers, and fruits. Stems are 
characterized by the presence of nodes (the points of attachment for leaves 
or branches) and internodes (regions between nodes). 


Plant organs are made up of simple and complex tissues. The stem has three 
tissue systems: dermal, vascular, and ground tissue. Dermal tissue is the 
outer covering of the plant. It contains epidermal cells, stomata, guard cells, 
and trichomes. Vascular tissue is made up of xylem and phloem tissues and 
conducts water, minerals, and photosynthetic products. Ground tissue is 
responsible for photosynthesis and support and is composed of parenchyma, 
collenchyma, and sclerenchyma cells. 


Primary growth occurs at the tips of roots and shoots, causing an increase in 
length. Woody plants may also exhibit secondary growth, or increase in 
thickness. In woody plants, especially trees, annual rings may form as 
growth slows at the end of each season. Some plant species have modified 
stems that help to store food, propagate new plants, or discourage predators. 
Rhizomes, corms, stolons, runners, tubers, bulbs, tendrils, and thorns are 
examples of modified stems. 


Art Connections 


Exercise: 
Problem: 
[link] Which layers of the stem are made of parenchyma cells? 
A. cortex and pith 
B. epidermis 


C. sclerenchyma 
D. epidermis and cortex. 


Solution: 


[link] A and B. The cortex, pith, and epidermis are made of 
parenchyma cells. 


Review Questions 


Exercise: 


Problem: 
Stem regions at which leaves are attached are called 


a. trichomes 
b. lenticels 
c. nodes 

d. internodes 


Solution: 


C 
Exercise: 


Problem: 
Which of the following cell types forms most of the inside of a plant? 


a. meristem cells 

b. collenchyma cells 
c. sclerenchyma cells 
d. parenchyma cells 


Solution: 


D 


Exercise: 


Problem: 


Tracheids, vessel elements, sieve-tube cells, and companion cells are 
components of 


a. vascular tissue 

b. meristematic tissue 
c. ground tissue 

d. dermal tissue 


Solution: 


A 
Exercise: 


Problem: 
The primary growth of a plant is due to the action of the 


a. lateral meristem 
b. vascular cambium 
c. apical meristem 
d. cork cambium 


Solution: 


C 


Exercise: 


Problem: Which of the following is an example of secondary growth? 


a. increase in length 

b. increase in thickness or girth 
c. increase in root hairs 

d. increase in leaf number 


Solution: 


B 


Exercise: 


Problem: Secondary growth in stems is usually seen in 


a. Monocots 

b. dicots 

c. both monocots and dicots 
d. neither monocots nor dicots 


Solution: 


B 


Free Response 


Exercise: 
Problem: 


Describe the roles played by stomata and guard cells. What would 
happen to a plant if these cells did not function correctly? 


Solution: 


Stomata allow gases to enter and exit the plant. Guard cells regulate 
the opening and closing of stomata. If these cells did not function 
correctly, a plant could not get the carbon dioxide needed for 
photosynthesis, nor could it release the oxygen produced by 
photosynthesis. 


Exercise: 


Problem: 


Compare the structure and function of xylem to that of phloem. 
Solution: 


Xylem is made up tracheids and vessel elements, which are cells that 
transport water and dissolved minerals and that are dead at maturity. 
Phloem is made up of sieve-tube cells and companion cells, which 
transport carbohydrates and are alive at maturity. 


Exercise: 


Problem: Explain the role of the cork cambium in woody plants. 
Solution: 


In woody plants, the cork cambium is the outermost lateral meristem; 
it produces new cells towards the interior, which enables the plant to 
increase in girth. The cork cambium also produces cork cells towards 
the exterior, which protect the plant from physical damage while 
reducing water loss. 


Exercise: 


Problem: What is the function of lenticels? 


Solution: 
In woody stems, lenticels allow internal cells to exchange gases with 
the outside atmosphere. 
Exercise: 
Problem: 


Besides the age of a tree, what additional information can annual rings 
reveal? 


Solution: 


Annual rings can also indicate the climate conditions that prevailed 
during each growing season. 


Exercise: 


Problem: 


Give two examples of modified stems and explain how each example 
benefits the plant. 


Solution: 


Answers will vary. Rhizomes, stolons, and runners can give rise to 
new plants. Corms, tubers, and bulbs can also produce new plants and 
can store food. Tendrils help a plant to climb, while thorns discourage 
herbivores. 


Glossary 


apical bud 
bud formed at the tip of the shoot 


axillary bud 
bud located in the axil: the stem area where the petiole connects to the 
stem 


bark 
tough, waterproof, outer epidermal layer of cork cells 


bulb 
modified underground stem that consists of a large bud surrounded by 
numerous leaf scales 


collenchyma cell 
elongated plant cell with unevenly thickened walls; provides structural 
support to the stem and leaves 


companion cell 
phloem cell that is connected to sieve-tube cells; has large amounts of 
ribosomes and mitochondrion 


corm 
rounded, fleshy underground stem that contains stored food 


cortex 
ground tissue found between the vascular tissue and the epidermis in a 
stem or root 


epidermis 
single layer of cells found in plant dermal tissue; covers and protects 
underlying tissue 


guard cells 
paired cells on either side of a stoma that control stomatal opening and 
thereby regulate the movement of gases and water vapor 


internode 
region between nodes on the stem 


lenticel 
opening on the surface of mature woody stems that facilitates gas 
exchange 


node 
point along the stem at which leaves, flowers, or aerial roots originate 


parenchyma cell 
most common type of plant cell; found in the stem, root, leaf, and in 
fruit pulp; site of photosynthesis and starch storage 


periderm 
outermost covering of woody stems; consists of the cork cambium, 
cork cells, and the phelloderm 


pith 


ground tissue found towards the interior of the vascular tissue in a 
stem or root 


primary growth 
growth resulting in an increase in length of the stem and the root; 
caused by cell division in the shoot or root apical meristem 


rhizome 
modified underground stem that grows horizontally to the soil surface 
and has nodes and internodes 


runner 
stolon that runs above the ground and produces new clone plants at 
nodes 


sclerenchyma cell 
plant cell that has thick secondary walls and provides structural 
support; usually dead at maturity 


secondary growth 
growth resulting in an increase in thickness or girth; caused by the 
lateral meristem and cork cambium 


sieve-tube cell 
phloem cell arranged end to end to form a sieve tube that transports 
organic substances such as sugars and amino acids 


stolon 
modified stem that runs parallel to the ground and can give rise to new 
plants at the nodes 


tendril 
modified stem consisting of slender, twining strands used for support 
or climbing 


thorn 
modified stem branch appearing as a sharp outgrowth that protects the 
plant 


tracheid 
xylem cell with thick secondary walls that helps transport water 


trichome 
hair-like structure on the epidermal surface 


tuber 
modified underground stem adapted for starch storage; has many 
adventitious buds 


vessel element 
xylem cell that is shorter than a tracheid and has thinner walls 


Roots 
By the end of this section, you will be able to: 


e Identify the two types of root systems 

¢ Describe the three zones of the root tip and summarize the role of each 
zone in root growth 

e Describe the structure of the root 

e List and describe examples of modified roots 


The roots of seed plants have three major functions: anchoring the plant to 
the soil, absorbing water and minerals and transporting them upwards, and 
storing the products of photosynthesis. Some roots are modified to absorb 
moisture and exchange gases. Most roots are underground. Some plants, 
however, also have adventitious roots, which emerge above the ground 
from the shoot. 


Types of Root Systems 


Root systems are mainly of two types ([link]). Dicots have a tap root 
system, while monocots have a fibrous root system. A tap root system has 
a main root that grows down vertically, and from which many smaller 
lateral roots arise. Dandelions are a good example; their tap roots usually 
break off when trying to pull these weeds, and they can regrow another 
shoot from the remaining root). A tap root system penetrates deep into the 
soil. In contrast, a fibrous root system is located closer to the soil surface, 
and forms a dense network of roots that also helps prevent soil erosion 
(lawn grasses are a good example, as are wheat, rice, and corn). Some 
plants have a combination of tap roots and fibrous roots. Plants that grow in 
dry areas often have deep root systems, whereas plants growing in areas 
with abundant water are likely to have shallower root systems. 


(a) Taproot system 


(a) Tap root systems have a main root that 
grows down, while (b) fibrous root systems 
consist of many small roots. (credit b: 
modification of work by “Austen 
Squarepants”/Flickr) 


Root Growth and Anatomy 


Root growth begins with seed germination. When the plant embryo emerges 
from the seed, the radicle of the embryo forms the root system. The tip of 
the root is protected by the root cap, a structure exclusive to roots and 
unlike any other plant structure. The root cap is continuously replaced 
because it gets damaged easily as the root pushes through soil. The root tip 
can be divided into three zones: a zone of cell division, a zone of 
elongation, and a zone of maturation and differentiation ({link]). The zone 
of cell division is closest to the root tip; it is made up of the actively 
dividing cells of the root meristem. The zone of elongation is where the 
newly formed cells increase in length, thereby lengthening the root. 
Beginning at the first root hair is the zone of cell maturation where the root 


cells begin to differentiate into special cell types. All three zones are in the 
first centimeter or so of the root tip. 
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A longitudinal view of the 
root reveals the zones of cell 
division, elongation, and 
maturation. Cell division 
occurs in the apical meristem. 


The root has an outer layer of cells called the epidermis, which surrounds 
areas of ground tissue and vascular tissue. The epidermis provides 
protection and helps in absorption. Root hairs, which are extensions of root 
epidermal cells, increase the surface area of the root, greatly contributing to 
the absorption of water and minerals. 


Inside the root, the ground tissue forms two regions: the cortex and the pith 
({link]). Compared to stems, roots have lots of cortex and little pith. Both 
regions include cells that store photosynthetic products. The cortex is 
between the epidermis and the vascular tissue, whereas the pith lies 
between the vascular tissue and the center of the root. 


Exodermis 
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Cortex Pericycle Endodermis Root hairs 
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Staining reveals different cell 
types in this light micrograph of a 
wheat (Triticum) root cross 
section. Sclerenchyma cells of the 
exodermis and xylem cells stain 
red, and phloem cells stain blue. 
Other cell types stain black. The 
stele, or vascular tissue, is the area 
inside endodermis (indicated by a 
green ring). Root hairs are visible 
outside the epidermis. (credit: 
scale-bar data from Matt Russell) 


The vascular tissue in the root is arranged in the inner portion of the root, 
which is called the stele ({link]). A layer of cells known as the endodermis 
separates the stele from the ground tissue in the outer portion of the root. 
The endodermis is exclusive to roots, and serves as a checkpoint for 
materials entering the root’s vascular system. A waxy substance called 
suberin is present on the walls of the endodermal cells. This waxy region, 
known as the Casparian strip, forces water and solutes to cross the plasma 
membranes of endodermal cells instead of slipping between the cells. This 
ensures that only materials required by the root pass through the 
endodermis, while toxic substances and pathogens are generally excluded. 


The outermost cell layer of the root’s vascular tissue is the pericycle, an 
area that can give rise to lateral roots. In dicot roots, the xylem and phloem 
of the stele are arranged alternately in an X shape, whereas in monocot 
roots, the vascular tissue is arranged in a ring around the pith. 
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In (left) typical dicots, the vascular tissue forms an 
X shape in the center of the root. In (right) typical 
monocots, the phloem cells and the larger xylem 
cells form a characteristic ring around the central 
pith. 


Root Modifications 


Root structures may be modified for specific purposes. For example, some 
roots are bulbous and store starch. Aerial roots and prop roots are two forms 
of aboveground roots that provide additional support to anchor the plant. 
Tap roots, such as carrots, turnips, and beets, are examples of roots that are 
modified for food storage ({link]). 


Many vegetables are 
modified roots. 


Epiphytic roots enable a plant to grow on another plant. For example, the 
epiphytic roots of orchids develop a spongy tissue to absorb moisture. The 
banyan tree (Ficus sp.) begins as an epiphyte, germinating in the branches 
of a host tree; aerial roots develop from the branches and eventually reach 
the ground, providing additional support ([link]). In screwpine (Pandanus 
sp.), a palm-like tree that grows in sandy tropical soils, aboveground prop 
roots develop from the nodes to provide additional support. 


The (a) banyan tree, also known as the strangler fig, 
begins life as an epiphyte in a host tree. Aerial roots 
extend to the ground and support the growing plant, 


which eventually strangles the host tree. The (b) 
screwpine develops aboveground roots that help 
support the plant in sandy soils. (credit a: modification 
of work by "psyberartist"/Flickr; credit b: modification 
of work by David Eikhoff) 


Section Summary 


Roots help to anchor a plant, absorb water and minerals, and serve as 
storage sites for food. Taproots and fibrous roots are the two main types of 
root systems. In a taproot system, a main root grows vertically downward 
with a few lateral roots. Fibrous root systems arise at the base of the stem, 
where a cluster of roots forms a dense network that is shallower than a 
taproot. The growing root tip is protected by a root cap. The root tip has 
three main zones: a zone of cell division (cells are actively dividing), a zone 
of elongation (cells increase in length), and a zone of maturation (cells 
differentiate to form different kinds of cells). Root vascular tissue conducts 
water, minerals, and sugars. In some habitats, the roots of certain plants 
may be modified to form aerial roots or epiphytic roots. 


Review Questions 


Exercise: 


Problem: 


Roots that enable a plant to grow on another plant are called 


a. epiphytic roots 

b. prop roots 

c. adventitious roots 
d. aerial roots 


Solution: 


A 
Exercise: 
Problem: The forces selective uptake of minerals in the root. 
a. pericycle 
b. epidermis 


c. endodermis 
d. root cap 


Solution: 


C 
Exercise: 


Problem: 
Newly-formed root cells begin to form different cell types in the 
a. zone of elongation 
b. zone of maturation 
c. root meristem 
d. zone of cell division 
Solution: 


B 


Free Response 


Exercise: 


Problem: 


Compare a tap root system with a fibrous root system. For each type, 
name a plant that provides a food in the human diet. Which type of 
root system is found in monocots? Which type of root system is found 
in dicots? 


Solution: 


A tap root system has a single main root that grows down. A fibrous 
root system forms a dense network of roots that is closer to the soil 
surface. An example of a tap root system is a carrot. Grasses such as 
wheat, rice, and corn are examples of fibrous root systems. Fibrous 
root systems are found in monocots; tap root systems are found in 
dicots. 


Exercise: 


Problem: What might happen to a root if the pericycle disappeared? 


Solution: 


The root would not be able to produce lateral roots. 


Glossary 


adventitious root 
aboveground root that arises from a plant part other than the radicle of 
the plant embryo 


Casparian strip 
waxy Coating that forces water to cross endodermal plasma membranes 
before entering the vascular cylinder, instead of moving between 
endodermal cells 


endodermis 


layer of cells in the root that forms a selective barrier between the 
ground tissue and the vascular tissue, allowing water and minerals to 
enter the root while excluding toxins and pathogens 


fibrous root system 
type of root system in which the roots arise from the base of the stem 
in a cluster, forming a dense network of roots; found in monocots 


pericycle 
outer boundary of the stele from which lateral roots can arise 


root cap 
protective cells covering the tip of the growing root 


root hair 
hair-like structure that is an extension of epidermal cells; increases the 
root surface area and aids in absorption of water and minerals 


stele 
inner portion of the root containing the vascular tissue; surrounded by 
the endodermis 


tap root system 
type of root system with a main root that grows vertically with few 
lateral roots; found in dicots 


Leaves 
By the end of this section, you will be able to: 


e Identify the parts of a typical leaf 

e Describe the internal structure and function of a leaf 

e¢ Compare and contrast simple leaves and compound leaves 
e List and describe examples of modified leaves 


Leaves are the main sites for photosynthesis: the process by which plants 
synthesize food. Most leaves are usually green, due to the presence of 
chlorophyll in the leaf cells. However, some leaves may have different 
colors, caused by other plant pigments that mask the green chlorophyll. 


The thickness, shape, and size of leaves are adapted to the environment. 
Each variation helps a plant species maximize its chances of survival in a 
particular habitat. Usually, the leaves of plants growing in tropical 
rainforests have larger surface areas than those of plants growing in deserts 
or very cold conditions, which are likely to have a smaller surface area to 
minimize water loss. 


Structure of a Typical Leaf 


Each leaf typically has a leaf blade called the lamina, which is also the 
widest part of the leaf. Some leaves are attached to the plant stem by a 
petiole. Leaves that do not have a petiole and are directly attached to the 
plant stem are called sessile leaves. Small green appendages usually found 
at the base of the petiole are known as stipules. Most leaves have a midrib, 
which travels the length of the leaf and branches to each side to produce 
veins of vascular tissue. The edge of the leaf is called the margin. [link] 
shows the structure of a typical eudicot leaf. 


Deceptively simple in appearance, 
a leaf is a highly efficient 
structure. 


Within each leaf, the vascular tissue forms veins. The arrangement of veins 
in a leaf is called the venation pattern. Monocots and dicots differ in their 
patterns of venation ([link]). Monocots have parallel venation; the veins run 
in straight lines across the length of the leaf without converging at a point. 
In dicots, however, the veins of the leaf have a net-like appearance, forming 
a pattern known as reticulate venation. One extant plant, the Ginkgo biloba, 
has dichotomous venation where the veins fork. 


(a) (b) (c) 


(a) Tulip (Tulipa), a monocot, has leaves with 
parallel venation. The netlike venation in this (b) 
linden (Tilia cordata) leaf distinguishes it as a dicot. 
The (c) Ginkgo biloba tree has dichotomous 
venation. (credit a photo: modification of work by 
“Drewboy64”/Wikimedia Commons; credit b photo: 
modification of work by Roger Griffith; credit c 
photo: modification of work by 
"geishaboy500"/Flickr; credit abc illustrations: 
modification of work by Agnieszka Kwiecien) 


Leaf Arrangement 


The arrangement of leaves on a stem is known as phyllotaxy. The number 
and placement of a plant’s leaves will vary depending on the species, with 
each species exhibiting a characteristic leaf arrangement. Leaves are 
classified as either alternate, spiral, or opposite. Plants that have only one 
leaf per node have leaves that are said to be either alternate—meaning the 
leaves alternate on each side of the stem in a flat plane—or spiral, meaning 
the leaves are arrayed in a spiral along the stem. In an opposite leaf 
arrangement, two leaves arise at the same point, with the leaves connecting 


opposite each other along the branch. If there are three or more leaves 
connected at a node, the leaf arrangement is classified as whorled. 


Leaf Form 


Leaves may be simple or compound ((link]). In a simple leaf, the blade is 
either completely undivided—as in the banana leaf—or it has lobes, but the 
separation does not reach the midrib, as in the maple leaf. In a compound 
leaf, the leaf blade is completely divided, forming leaflets, as in the locust 
tree. Each leaflet may have its own stalk, but is attached to the rachis. A 
palmately compound leaf resembles the palm of a hand, with leaflets 
radiating outwards from one point Examples include the leaves of poison 
ivy, the buckeye tree, or the familiar houseplant Schefflera sp. (common 
name “umbrella plant”). Pinnately compound leaves take their name from 
their feather-like appearance; the leaflets are arranged along the midrib, as 
in rose leaves (Rosa sp.), or the leaves of hickory, pecan, ash, or walnut 
trees. 


(c) Pinnately compound (d) Doubly compound 


Leaves may be simple or compound. In 
simple leaves, the lamina is continuous. 
The (a) banana plant (Musa sp.) has 
simple leaves. In compound leaves, the 
lamina is separated into leaflets. 
Compound leaves may be palmate or 
pinnate. In (b) palmately compound 
leaves, such as those of the horse 
chestnut (Aesculus hippocastanum), the 
leaflets branch from the petiole. In (c) 
pinnately compound leaves, the leaflets 
branch from the midrib, as on a scrub 
hickory (Carya floridana). The (d) honey 
locust has double compound leaves, in 
which leaflets branch from the veins. 
(credit a: modification of work by 
"BazzaDaRambler"/Flickr; credit b: 
modification of work by Roberto Verzo; 
credit c: modification of work by Eric 
Dion; credit d: modification of work by 
Valerie Lykes) 


Leaf Structure and Function 


The outermost layer of the leaf is the epidermis; it is present on both sides 
of the leaf and is called the upper and lower epidermis, respectively. 
Botanists call the upper side the adaxial surface (or adaxis) and the lower 
side the abaxial surface (or abaxis). The epidermis helps in the regulation of 
gas exchange. It contains stomata ([link]): openings through which the 
exchange of gases takes place. Two guard cells surround each stoma, 
regulating its opening and closing. 


Visualized at 500x with a scanning electron microscope, several 
stomata are Clearly visible on (a) the surface of this sumac (Rhus 
glabra) leaf. At 5,000x magnification, the guard cells of (b) a 
single stoma from lyre-leaved sand cress (Arabidopsis lyrata) 
have the appearance of lips that surround the opening. In this (c) 
light micrograph cross-section of an A. lyrata leaf, the guard cell 
pair is visible along with the large, sub-stomatal air space in the 
leaf. (credit: modification of work by Robert R. Wise; part c scale- 
bar data from Matt Russell) 


The epidermis is usually one cell layer thick; however, in plants that grow 
in very hot or very cold conditions, the epidermis may be several layers 
thick to protect against excessive water loss from transpiration. A waxy 
layer known as the cuticle covers the leaves of all plant species. The cuticle 
reduces the rate of water loss from the leaf surface. Other leaves may have 
small hairs (trichomes) on the leaf surface. Trichomes help to deter 
herbivory by restricting insect movements, or by storing toxic or bad-tasting 
compounds; they can also reduce the rate of transpiration by blocking air 
flow across the leaf surface ([link]). 


» 
~ 


a ; 
~ ~ WY 
Siler aaa oa 
roe), (7 
WG HFS Ves 


ge 


4 Pf» 125 ym 


Trichomes give leaves a fuzzy appearance as in this (a) sundew 
(Drosera sp.). Leaf trichomes include (b) branched trichomes 
on the leaf of Arabidopsis lyrata and (c) multibranched 
trichomes on a mature Quercus marilandica leaf. (credit a: 
John Freeland; credit b, c: modification of work by Robert R. 
Wise; scale-bar data from Matt Russell) 


Below the epidermis of dicot leaves are layers of cells known as the 
mesophyll, or “middle leaf.” The mesophyll of most leaves typically 
contains two arrangements of parenchyma cells: the palisade parenchyma 
and spongy parenchyma ([link]). The palisade parenchyma (also called the 
palisade mesophyll) has column-shaped, tightly packed cells, and may be 
present in one, two, or three layers. Below the palisade parenchyma are 
loosely arranged cells of an irregular shape. These are the cells of the 
spongy parenchyma (or spongy mesophyll). The air space found between 
the spongy parenchyma cells allows gaseous exchange between the leaf and 
the outside atmosphere through the stomata. In aquatic plants, the 
intercellular spaces in the spongy parenchyma help the leaf float. Both 
layers of the mesophyll contain many chloroplasts. Guard cells are the only 
epidermal cells to contain chloroplasts. 


Cuticle 
Upper 
epidermis 


Palisade parenchyma 


Mesophyll 


Spongy parenchyma 


Lower 
epidermis 


Cuticle 
Guard cells 


200 um 


In the (a) leaf drawing, the central 
mesophyll is sandwiched between an 
upper and lower epidermis. The 
mesophyll has two layers: an upper 
palisade layer comprised of tightly 
packed, columnar cells, and a lower 
spongy layer, comprised of loosely 
packed, irregularly shaped cells. Stomata 
on the leaf underside allow gas 
exchange. A waxy cuticle covers all 
aerial surfaces of land plants to minimize 
water loss. These leaf layers are clearly 
visible in the (b) scanning electron 
micrograph. The numerous small bumps 


in the palisade parenchyma cells are 
chloroplasts. Chloroplasts are also 
present in the spongy parenchyma, but 
are not as obvious. The bumps 
protruding from the lower surface of the 
leave are glandular trichomes, which 
differ in structure from the stalked 
trichomes in [link]. (credit b: 
modification of work by Robert R. Wise) 


Like the stem, the leaf contains vascular bundles composed of xylem and 
phloem ({link]). The xylem consists of tracheids and vessels, which 
transport water and minerals to the leaves. The phloem transports the 
photosynthetic products from the leaf to the other parts of the plant. A 
single vascular bundle, no matter how large or small, always contains both 
xylem and phloem tissues. 


This scanning electron micrograph 
shows xylem and phloem in the leaf 
vascular bundle from the lyre-leaved 

sand cress (Arabidopsis lyrata). 


(credit: modification of work by 
Robert R. Wise; scale-bar data from 
Matt Russell) 


Leaf Adaptations 


Coniferous plant species that thrive in cold environments, like spruce, fir, 
and pine, have leaves that are reduced in size and needle-like in appearance. 
These needle-like leaves have sunken stomata and a smaller surface area: 
two attributes that aid in reducing water loss. In hot climates, plants such as 
cacti have leaves that are reduced to spines, which in combination with their 
succulent stems, help to conserve water. Many aquatic plants have leaves 
with wide lamina that can float on the surface of the water, and a thick 
waxy cuticle on the leaf surface that repels water. 


Note: 
Link to Learning 
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Watch “The Pale Pitcher Plant” episode of the video series Plants Are 
Cool, Too, a Botanical Society of America video about a carnivorous plant 
species found in Louisiana. 


Note: 
Evolution Connection 
Plant Adaptations in Resource-Deficient Environments 


Roots, stems, and leaves are structured to ensure that a plant can obtain the 
required sunlight, water, soil nutrients, and oxygen resources. Some 
remarkable adaptations have evolved to enable plant species to thrive in 
less than ideal habitats, where one or more of these resources is in short 
supply. 

In tropical rainforests, light is often scarce, since many trees and plants 
grow Close together and block much of the sunlight from reaching the 
forest floor. Many tropical plant species have exceptionally broad leaves to 
maximize the capture of sunlight. Other species are epiphytes: plants that 
grow on other plants that serve as a physical support. Such plants are able 
to grow high up in the canopy atop the branches of other trees, where 
sunlight is more plentiful. Epiphytes live on rain and minerals collected in 
the branches and leaves of the supporting plant. Bromeliads (members of 
the pineapple family), ferns, and orchids are examples of tropical epiphytes 
({link]). Many epiphytes have specialized tissues that enable them to 
efficiently capture and store water. 


TR Palas 


One of the most well 
known bromeliads is 
Spanish moss (Tillandsia 
usneoides), seen here in 
an oak tree. (credit: 
Kristine Paulus) 


Some plants have special adaptations that help them to survive in nutrient- 
poor environments. Carnivorous plants, such as the Venus flytrap and the 
pitcher plant ([link]), grow in bogs where the soil is low in nitrogen. In 
these plants, leaves are modified to capture insects. The insect-capturing 
leaves may have evolved to provide these plants with a supplementary 
source of much-needed nitrogen. 


(a) (b) 


The (a) Venus flytrap has modified leaves that can 
capture insects. When an unlucky insect touches 
the trigger hairs inside the leaf, the trap suddenly 

closes. The opening of the (b) pitcher plant is lined 

with a slippery wax. Insects crawling on the lip 
slip and fall into a pool of water in the bottom of 
the pitcher, where they are digested by bacteria. 
The plant then absorbs the smaller molecules. 
(credit a: modification of work by Peter Shanks; 
credit b: modification of work by Tim Mansfield) 


Many swamp plants have adaptations that enable them to thrive in wet 
areas, where their roots grow submerged underwater. In these aquatic 
areas, the soil is unstable and little oxygen is available to reach the roots. 
Trees such as mangroves (Rhizophora sp.) growing in coastal waters 
produce aboveground roots that help support the tree ([link]). Some species 
of mangroves, as well as cypress trees, have pneumatophores: upward- 


growing roots containing pores and pockets of tissue specialized for gas 
exchange. Wild rice is an aquatic plant with large air spaces in the root 
cortex. The air-filled tissue—called aerenchyma—provides a path for 
oxygen to diffuse down to the root tips, which are embedded in oxygen- 
poor bottom sediments. 


(a) (b) 


The branches of (a) mangrove trees develop aerial roots, which 
descend to the ground and help to anchor the trees. (b) Cypress 
trees and some mangrove species have upward-growing roots 
called pneumatophores that are involved in gas exchange. 
Aquatic plants such as (c) wild rice have large spaces in the 
root cortex called aerenchyma, visualized here using scanning 
electron microscopy. (credit a: modification of work by 
Roberto Verzo; credit b: modification of work by Duane 
Burdick; credit c: modification of work by Robert R. Wise) 


Note: 
Link to Learning 
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Watch Venus Flytraps: Jaws of Death, an extraordinary BBC close-up of 
the Venus flytrap in action. 


https://www.openstaxcollege.org/I/venus_ flytrap 


Section Summary 


Leaves are the main site of photosynthesis. A typical leaf consists of a 
lamina (the broad part of the leaf, also called the blade) and a petiole (the 
stalk that attaches the leaf to a stem). The arrangement of leaves on a stem, 
known as phyllotaxy, enables maximum exposure to sunlight. Each plant 
species has a characteristic leaf arrangement and form. The pattern of leaf 
arrangement may be alternate, opposite, or spiral, while leaf form may be 
simple or compound. Leaf tissue consists of the epidermis, which forms the 
outermost cell layer, and mesophyll and vascular tissue, which make up the 
inner portion of the leaf. In some plant species, leaf form is modified to 
form structures such as tendrils, spines, bud scales, and needles. 


Review Questions 


Exercise: 


Problem: The stalk of a leaf is known as the 


a. petiole 
b. lamina 
c. stipule 
d. rachis 


Solution: 


A 


Exercise: 


Problem: Leaflets are a characteristic of leaves. 


a. alternate 
b. whorled 
c. compound 
d. opposite 


Solution: 


‘S 


Exercise: 


Problem: Cells of the contain chloroplasts. 


a. epidermis 

b. vascular tissue 
c. stomata 

d. mesophyll 


Solution: 


D 
Exercise: 


Problem: 


Which of the following is most likely to be found in a desert 
environment? 


a. broad leaves to capture sunlight 
b. spines instead of leaves 

c. needle-like leaves 

d. wide, flat leaves that can float 


Solution: 


B 


Free Response 


Exercise: 


Problem: 
How do dicots differ from monocots in terms of leaf structure? 
Solution: 


Monocots have leaves with parallel venation, and dicots have leaves 
with reticulate, net-like venation. 

Exercise: 
Problem: 


Describe an example of a plant with leaves that are adapted to cold 
temperatures. 


Solution: 


Conifers such as spruce, fir, and pine have needle-shaped leaves with 
sunken stomata, helping to reduce water loss. 


Glossary 


compound leaf 
leaf in which the leaf blade is subdivided to form leaflets, all attached 
to the midrib 


cuticle 
waxy protective layer on the leaf surface 


lamina 
leaf blade 


palmately compound leaf 
leaf type with leaflets that emerge from a point, resembling the palm of 
a hand 


petiole 
stalk of the leaf 


phyllotaxy 
arrangement of leaves on a stem 


pinnately compound leaf 
leaf type with a divided leaf blade consisting of leaflets arranged on 
both sides of the midrib 


sessile 
leaf without a petiole that is attached directly to the plant stem 


simple leaf 
leaf type in which the lamina is completely undivided or merely lobed 


stipule 
small green structure found on either side of the leaf stalk or petiole 


venation 
pattern of veins in a leaf; may be parallel (as in monocots), reticulate 
(as in dicots), or dichotomous (as in Gingko biloba) 


whorled 
pattern of leaf arrangement in which three or more leaves are 
connected at a node 


Transport of Water and Solutes in Plants 
By the end of this section, you will be able to: 


e Define water potential and explain how it is influenced by solutes, 
pressure, gravity, and the matric potential 

e Describe how water potential, evapotranspiration, and stomatal 
regulation influence how water is transported in plants 

e Explain how photosynthates are transported in plants 


The structure of plant roots, stems, and leaves facilitates the transport of 
water, nutrients, and photosynthates throughout the plant. The phloem and 
xylem are the main tissues responsible for this movement. Water potential, 
evapotranspiration, and stomatal regulation influence how water and 
nutrients are transported in plants. To understand how these processes work, 
we must first understand the energetics of water potential. 


Water Potential 


Plants are phenomenal hydraulic engineers. Using only the basic laws of 
physics and the simple manipulation of potential energy, plants can move 
water to the top of a 116-meter-tall tree ([link]a). Plants can also use 
hydraulics to generate enough force to split rocks and buckle sidewalks 
({link]b). Plants achieve this because of water potential. 


With heights nearing 116 meters, (a) coastal 
redwoods (Sequoia sempervirens) are the tallest 
trees in the world. Plant roots can easily generate 
enough force to (b) buckle and break concrete 
sidewalks, much to the dismay of homeowners and 
city maintenance departments. (credit a: 
modification of work by Bernt Rostad; credit b: 
modification of work by Pedestrians Educating 
Drivers on Safety, Inc.) 


Water potential is a measure of the potential energy in water. Plant 
physiologists are not interested in the energy in any one particular aqueous 
system, but are very interested in water movement between two systems. In 
practical terms, therefore, water potential is the difference in potential 
energy between a given water sample and pure water (at atmospheric 
pressure and ambient temperature). Water potential is denoted by the Greek 
letter W (psi) and is expressed in units of pressure (pressure is a form of 
energy) called megapascals (MPa). The potential of pure water (¥,,P""* 
H20) is, by convenience of definition, designated a value of zero (even 
though pure water contains plenty of potential energy, that energy is 
ignored). Water potential values for the water in a plant root, stem, or leaf 
are therefore expressed relative to W,,Pure #20, 


The water potential in plant solutions is influenced by solute concentration, 
pressure, gravity, and factors called matrix effects. Water potential can be 
broken down into its individual components using the following equation: 
Equation: 


WV system = Wiotal = Vs + Vp ot Vv, + Wn 


where 'P,, P,, V,, and 7, refer to the solute, pressure, gravity, and matric 
potentials, respectively. “System” can refer to the water potential of the soil 
water (WS!) root water (W'), stem water (P™), leaf water (P!*') or the 
water in the atmosphere (W2™osPhere). whichever aqueous system is under 
consideration. As the individual components change, they raise or lower the 


total water potential of a system. When this happens, water moves to 
equilibrate, moving from the system or compartment with a higher water 
potential to the system or compartment with a lower water potential. This 
brings the difference in water potential between the two systems (AP) back 
to zero (AY = 0). Therefore, for water to move through the plant from the 


soil to the air (a process called transpiration), ¥°°!! must be > Wr! > wstem 
_ leat Bs (patmosphere 


Water only moves in response to AY, not in response to the individual 
components. However, because the individual components influence the 
total Psystem, by manipulating the individual components (especially ,), a 
plant can control water movement. 


Solute Potential 


Solute potential (Y,), also called osmotic potential, is negative in a plant 
cell and zero in distilled water. Typical values for cell cytoplasm are —0.5 to 
—1.0 MPa. Solutes reduce water potential (resulting in a negative ,,) by 
consuming some of the potential energy available in the water. Solute 
molecules can dissolve in water because water molecules can bind to them 
via hydrogen bonds; a hydrophobic molecule like oil, which cannot bind to 
water, cannot go into solution. The energy in the hydrogen bonds between 
solute molecules and water is no longer available to do work in the system 
because it is tied up in the bond. In other words, the amount of available 
potential energy is reduced when solutes are added to an aqueous system. 
Thus, Y, decreases with increasing solute concentration. Because Y, is one 
of the four components of Pyyctem OF Piotal, a decrease in V, will cause a 
decrease in Y;¢a). The internal water potential of a plant cell is more 
negative than pure water because of the cytoplasm’s high solute content 
({link]). Because of this difference in water potential water will move from 
the soil into a plant’s root cells via the process of osmosis. This is why 
solute potential is sometimes called osmotic potential. 


Plant cells can metabolically manipulate Y, (and by extension, Wjota1) by 
adding or removing solute molecules. Therefore, plants have control over 
YW otal Via their ability to exert metabolic control over W,. 


Note: 


Pure water 


Positive =< ©) Negative 42>) 
pressure! | | pressure | 


Solute S a 
—_ 
Adding solute to the Applying positive Applying negative 
right side lowers Ws, pressure to the left pressure to the left 
Causing water to side increases Wp, side lowers Wp, 
move to the right causing water to causing water to 
side of the tube. move to the right move to the left side 
side of the tube. of the tube. 


In this example with a semipermeable 
membrane between two aqueous systems, 
water will move from a region of higher to 

lower water potential until equilibrium is 
reached. Solutes (Ws), pressure (‘Y,), and 
gravity (‘Y,) influence total water potential 
for each side of the tube (Wjotq) 8 Ie", 
and therefore, the difference between Yi otal 
on each side (AV). (¥,, , the potential due to 
interaction of water with solid substrates, is 
ignored in this example because glass is not 
especially hydrophilic). Water moves in 
response to the difference in water potential 
between two systems (the left and right sides 
of the tube). 


Positive water potential is placed on the left side of the tube by increasing 
'p, such that the water level rises on the right side. Could you equalize the 


water level on each side of the tube by adding solute, and if so, how? 


Pressure Potential 


Pressure potential (‘Y,), also called turgor potential, may be positive or 
negative ({link]). Because pressure is an expression of energy, the higher 
the pressure, the more potential energy in a system, and vice versa. 
Therefore, a positive Pp (compression) increases P;,;a1, and a negative VP, 
(tension) decreases P,,;,). Positive pressure inside cells is contained by the 
cell wall, producing turgor pressure. Pressure potentials are typically around 
0.6—0.8 MPa, but can reach as high as 1.5 MPa in a well-watered plant. A 
P, of 1.5 MPa equates to 210 pounds per square inch (1.5 MPa x 140 Ib in’? 
MPa‘! = 210 lb/in*). As a comparison, most automobile tires are kept at a 
pressure of 30—34 psi. An example of the effect of turgor pressure is the 
wilting of leaves and their restoration after the plant has been watered 
([link]). Water is lost from the leaves via transpiration (approaching ,, = 0 
MPa at the wilting point) and restored by uptake via the roots. 


A plant can manipulate P, via its ability to manipulate P, and by the 
process of osmosis. If a plant cell increases the cytoplasmic solute 
concentration, PY, will decline, P,,;a; will decline, the AY between the cell 
and the surrounding tissue will decline, water will move into the cell by 
osmosis, and , will increase. , is also under indirect plant control via the 
opening and closing of stomata. Stomatal openings allow water to evaporate 
from the leaf, reducing Y, and iota) of the leaf and increasing ii between 
the water in the leaf and the petiole, thereby allowing water to flow from 
the petiole into the leaf. 


(a) (b) 


When (a) total water potential (Wotai) is 
lower outside the cells than inside, water 
moves out of the cells and the plant wilts. 

When (b) the total water potential is higher 
outside the plant cells than inside, water 
moves into the cells, resulting in turgor 

pressure (‘P,,) and keeping the plant erect. 

(credit: modification of work by Victor M. 

Vicente Selvas) 


Gravity Potential 


Gravity potential (,) is always negative to zero in a plant with no height. It 
always removes or consumes potential energy from the system. The force of 
gravity pulls water downwards to the soil, reducing the total amount of 
potential energy in the water in the plant ("jo¢a)). The taller the plant, the 
taller the water column, and the more influential Ps becomes. On a cellular 
scale and in short plants, this effect is negligible and easily ignored. 
However, over the height of a tall tree like a giant coastal redwood, the 
gravitational pull of -0.1 MPa m* is equivalent to an extra 1 MPa of 
resistance that must be overcome for water to reach the leaves of the tallest 
trees. Plants are unable to manipulate P,. 


Matric Potential 


Matric potential (¥,,) is always negative to zero. In a dry system, it can be 
as low as —2 MPa in a dry Seed, and it is zero in a water-saturated system. 
The binding of water to a matrix always removes or consumes potential 
energy from the system. ,, is similar to solute potential because it involves 
tying up the energy in an aqueous system by forming hydrogen bonds 
between the water and some other component. However, in solute potential, 
the other components are soluble, hydrophilic solute molecules, whereas in 
WY, the other components are insoluble, hydrophilic molecules of the plant 
cell wall. Every plant cell has a cellulosic cell wall and the cellulose in the 
cell walls is hydrophilic, producing a matrix for adhesion of water: hence 
the name matric potential. ,, is very large (negative) in dry tissues such as 
seeds or drought-affected soils. However, it quickly goes to zero as the seed 
takes up water or the soil hydrates. ¥,, cannot be manipulated by the plant 
and is typically ignored in well-watered roots, stems, and leaves. 


Movement of Water and Minerals in the Xylem 


Solutes, pressure, gravity, and matric potential are all important for the 
transport of water in plants. Water moves from an area of higher total water 
potential (higher Gibbs free energy) to an area of lower total water 
potential. Gibbs free energy is the energy associated with a chemical 
reaction that can be used to do work. This is expressed as AY. 


Transpiration is the loss of water from the plant through evaporation at the 
leaf surface. It is the main driver of water movement in the xylem. 
Transpiration is caused by the evaporation of water at the leaf—atmosphere 
interface; it creates negative pressure (tension) equivalent to —-2 MPa at the 
leaf surface. This value varies greatly depending on the vapor pressure 
deficit, which can be negligible at high relative humidity (RH) and 
substantial at low RH. Water from the roots is pulled up by this tension. At 
night, when stomata shut and transpiration stops, the water is held in the 
stem and leaf by the adhesion of water to the cell walls of the xylem vessels 
and tracheids, and the cohesion of water molecules to each other. This is 
called the cohesion—tension theory of sap ascent. 


Inside the leaf at the cellular level, water on the surface of mesophyll cells 
saturates the cellulose microfibrils of the primary cell wall. The leaf 
contains many large intercellular air spaces for the exchange of oxygen for 
carbon dioxide, which is required for photosynthesis. The wet cell wall is 
exposed to this leaf internal air space, and the water on the surface of the 
cells evaporates into the air spaces, decreasing the thin film on the surface 
of the mesophyll cells. This decrease creates a greater tension on the water 
in the mesophyll cells ([link]), thereby increasing the pull on the water in 
the xylem vessels. The xylem vessels and tracheids are structurally adapted 
to cope with large changes in pressure. Rings in the vessels maintain their 
tubular shape, much like the rings on a vacuum cleaner hose keep the hose 
open while it is under pressure. Small perforations between vessel elements 
reduce the number and size of gas bubbles that can form via a process 
called cavitation. The formation of gas bubbles in xylem interrupts the 
continuous stream of water from the base to the top of the plant, causing a 
break termed an embolism in the flow of xylem sap. The taller the tree, the 
greater the tension forces needed to pull water, and the more cavitation 
events. In larger trees, the resulting embolisms can plug xylem vessels, 
making them non-functional. 


Note: 
Art Connection 
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water from the leaf. 
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Cohesion and adhesion 
draw water up the xylem. 
Stem:~-0.6 MPa 


Root hairs Root cells: ~-0.2 MPa 


Soil particle 


Water molecule 
Xylem 


Negative water potential 
draws water into the root. 


The cohesion—tension theory of sap 
ascent is shown. Evaporation from the 
mesophyll cells produces a negative 
water potential gradient that causes 
water to move upwards from the roots 
through the xylem. 


Which of the following statements is false? 


a. Negative water potential draws water into the root hairs. Cohesion 
and adhesion draw water up the xylem. Transpiration draws water 
from the leaf. 

b. Negative water potential draws water into the root hairs. Cohesion 
and adhesion draw water up the phloem. Transpiration draws water 
from the leaf. 

c. Water potential decreases from the roots to the top of the plant. 

d. Water enters the plants through root hairs and exits through stoma. 


Transpiration—the loss of water vapor to the atmosphere through stomata 
—is a passive process, meaning that metabolic energy in the form of ATP is 
not required for water movement. The energy driving transpiration is the 
difference in energy between the water in the soil and the water in the 
atmosphere. However, transpiration is tightly controlled. 


Control of Transpiration 


The atmosphere to which the leaf is exposed drives transpiration, but also 
causes massive water loss from the plant. Up to 90 percent of the water 
taken up by roots may be lost through transpiration. 


Leaves are covered by a waxy cuticle on the outer surface that prevents the 
loss of water. Regulation of transpiration, therefore, is achieved primarily 
through the opening and closing of stomata on the leaf surface. Stomata are 
surrounded by two specialized cells called guard cells, which open and 
close in response to environmental cues such as light intensity and quality, 
leaf water status, and carbon dioxide concentrations. Stomata must open to 
allow air containing carbon dioxide and oxygen to diffuse into the leaf for 
photosynthesis and respiration. When stomata are open, however, water 
vapor is lost to the external environment, increasing the rate of 
transpiration. Therefore, plants must maintain a balance between efficient 
photosynthesis and water loss. 


Plants have evolved over time to adapt to their local environment and 
reduce transpiration({link]). Desert plant (xerophytes) and plants that grow 
on other plants (epiphytes) have limited access to water. Such plants usually 
have a much thicker waxy cuticle than those growing in more moderate, 
well-watered environments (mesophytes). Aquatic plants (hydrophytes) 
also have their own set of anatomical and morphological leaf adaptations. 


(c) (d) 


Plants are suited to their local environment. 
(a) Xerophytes, like this prickly pear cactus 
(Opuntia sp.) and (b) epiphytes such as this 
tropical Aeschynanthus perrottetii have 
adapted to very limited water resources. The 
leaves of a prickly pear are modified into 
spines, which lowers the surface-to-volume 
ratio and reduces water loss. Photosynthesis 
takes place in the stem, which also stores 
water. (b) A. perottetii leaves have a waxy 
cuticle that prevents water loss. (c) 
Goldenrod (Solidago sp.) is a mesophyte, 
well suited for moderate environments. (d) 


Hydrophytes, like this fragrant water lily 
(Nymphaea odorata), are adapted to thrive 
in aquatic environments. (credit a: 
modification of work by Jon Sullivan; credit 
b: modification of work by L. 
Shyamal/Wikimedia Commons; credit c: 
modification of work by Huw Williams; 
credit d: modification of work by Jason 
Hollinger) 


Xerophytes and epiphytes often have a thick covering of trichomes or of 
stomata that are sunken below the leaf’s surface. Trichomes are specialized 
hair-like epidermal cells that secrete oils and substances. These adaptations 
impede air flow across the stomatal pore and reduce transpiration. Multiple 
epidermal layers are also commonly found in these types of plants. 


Transportation of Photosynthates in the Phloem 


Plants need an energy source to grow. In seeds and bulbs, food is stored in 
polymers (such as starch) that are converted by metabolic processes into 
sucrose for newly developing plants. Once green shoots and leaves are 
growing, plants are able to produce their own food by photosynthesizing. 
The products of photosynthesis are called photosynthates, which are usually 
in the form of simple sugars such as sucrose. 


Structures that produce photosynthates for the growing plant are referred to 
as sources. Sugars produced in sources, such as leaves, need to be delivered 
to growing parts of the plant via the phloem in a process called 
translocation. The points of sugar delivery, such as roots, young shoots, 
and developing seeds, are called sinks. Seeds, tubers, and bulbs can be 
either a source or a sink, depending on the plant’s stage of development and 
the season. 


The products from the source are usually translocated to the nearest sink 
through the phloem. For example, the highest leaves will send 


photosynthates upward to the growing shoot tip, whereas lower leaves will 
direct photosynthates downward to the roots. Intermediate leaves will send 
products in both directions, unlike the flow in the xylem, which is always 
unidirectional (soil to leaf to atmosphere). The pattern of photosynthate 
flow changes as the plant grows and develops. Photosynthates are directed 
primarily to the roots early on, to shoots and leaves during vegetative 
growth, and to seeds and fruits during reproductive development. They are 
also directed to tubers for storage. 


Translocation: Transport from Source to Sink 


Photosynthates, such as sucrose, are produced in the mesophyll cells of 
photosynthesizing leaves. From there they are translocated through the 
phloem to where they are used or stored. Mesophyll cells are connected by 
cytoplasmic channels called plasmodesmata. Photosynthates move through 
these channels to reach phloem sieve-tube elements (STEs) in the vascular 
bundles. From the mesophyll cells, the photosynthates are loaded into the 
phloem STEs. The sucrose is actively transported against its concentration 
gradient (a process requiring ATP) into the phloem cells using the 
electrochemical potential of the proton gradient. This is coupled to the 
uptake of sucrose with a carrier protein called the sucrose-H* symporter. 


Phloem STEs have reduced cytoplasmic contents, and are connected by a 
sieve plate with pores that allow for pressure-driven bulk flow, or 
translocation, of phloem sap. Companion cells are associated with STEs. 
They assist with metabolic activities and produce energy for the STEs 
({link]). 


Sieve tube 
element 


Companion 
cell 
Lateral sieve 


area 


Sieve tube 
plate 


Phloem is comprised 
of cells called sieve- 
tube elements. Phloem 
sap travels through 
perforations called 
sieve tube plates. 
Neighboring 
companion cells carry 
out metabolic 
functions for the sieve- 
tube elements and 
provide them with 
energy. Lateral sieve 
areas connect the 
sieve-tube elements to 
the companion cells. 


Once in the phloem, the photosynthates are translocated to the closest sink. 
Phloem sap is an aqueous solution that contains up to 30 percent sugar, 
minerals, amino acids, and plant growth regulators. The high percentage of 
sugar decreases Y, which decreases the total water potential and causes 


water to move by osmosis from the adjacent xylem into the phloem tubes, 
thereby increasing pressure. This increase in total water potential causes the 
bulk flow of phloem from source to sink ({link]). Sucrose concentration in 
the sink cells is lower than in the phloem STEs because the sink sucrose has 
been metabolized for growth, or converted to starch for storage or other 
polymers, such as cellulose, for structural integrity. Unloading at the sink 
end of the phloem tube occurs by either diffusion or active transport of 
sucrose molecules from an area of high concentration to one of low 
concentration. Water diffuses from the phloem by osmosis and is then 
transpired or recycled via the xylem back into the phloem sap. 


Companion 
cell 


Source cell 
(leaf) 


Sink cell 
(root) 


Sucrose is actively 
transported from source 
cells into companion 
cells and then into the 
sieve-tube elements. 
This reduces the water 
potential, which causes 


water to enter the 
phloem from the xylem. 


The resulting positive 
pressure forces the 
sucrose-water mixture 
down toward the roots, 
where sucrose is 
unloaded. Transpiration 
causes water to return to 
the leaves through the 
xylem vessels. 


Section Summary 


Water potential (‘P) is a measure of the difference in potential energy 
between a water sample and pure water. The water potential in plant 
solutions is influenced by solute concentration, pressure, gravity, and matric 
potential. Water potential and transpiration influence how water is 
transported through the xylem in plants. These processes are regulated by 
stomatal opening and closing. Photosynthates (mainly sucrose) move from 
sources to sinks through the plant’s phloem. Sucrose is actively loaded into 
the sieve-tube elements of the phloem. The increased solute concentration 
causes water to move by osmosis from the xylem into the phloem. The 
positive pressure that is produced pushes water and solutes down the 
pressure gradient. The sucrose is unloaded into the sink, and the water 
returns to the xylem vessels. 


Art Connections 


Exercise: 


Problem: 


[link] Positive water potential is placed on the left side of the tube by 
increasing ‘P, such that the water level rises on the right side. Could 
you equalize the water level on each side of the tube by adding solute, 
and if so, how? 


Solution: 


[link] Yes, you can equalize the water level by adding the solute to the 
left side of the tube such that water moves toward the left until the 
water levels are equal. 


Exercise: 


Problem: [link] Which of the following statements is false? 


a. Negative water potential draws water into the root hairs. 
Cohesion and adhesion draw water up the xylem. Transpiration 
draws water from the leaf. 

b. Negative water potential draws water into the root hairs. 
Cohesion and adhesion draw water up the phloem. Transpiration 
draws water from the leaf. 

c. Water potential decreases from the roots to the top of the plant. 

d. Water enters the plants through root hairs and exits through 
stoma. 


Solution: 


[link] B. 


Review Questions 


Exercise: 


Problem: When stomata open, what occurs? 


a. Water vapor is lost to the external environment, increasing the 
rate of transpiration. 

b. Water vapor is lost to the external environment, decreasing the 
rate of transpiration. 


c. Water vapor enters the spaces in the mesophyll, increasing the 
rate of transpiration. 

d. Water vapor enters the spaces in the mesophyll, increasing the 
rate of transpiration. 


Solution: 


A 
Exercise: 


Problem: 


Which cells are responsible for the movement of photosynthates 
through a plant? 


a. tracheids, vessel elements 

b. tracheids, companion cells 

c. vessel elements, companion cells 

d. sieve-tube elements, companion cells 


Solution: 


D 


Free Response 


Exercise: 


Problem: 


The process of bulk flow transports fluids in a plant. Describe the two 
main bulk flow processes. 


Solution: 


The process of bulk flow moves water up the xylem and moves 
photosynthates (solutes) up and down the phloem. 


Glossary 


cuticle 
waxy covering on the outside of the leaf and stem that prevents the 
loss of water 


megapascal (MPa) 
pressure units that measure water potential 


sink 
growing parts of a plant, such as roots and young leaves, which require 
photosynthate 


source 
organ that produces photosynthate for a plant 


translocation 
mass transport of photosynthates from source to sink in vascular plants 


transpiration 
loss of water vapor to the atmosphere through stomata 


water potential (¥,,) 
the potential energy of a water solution per unit volume in relation to 
pure water at atmospheric pressure and ambient temperature 


Plant Sensory Systems and Responses 
By the end of this section, you will be able to: 


e Describe how red and blue light affect plant growth and metabolic 
activities 

e Discuss gravitropism 

e Understand how hormones affect plant growth and development 

e Describe thigmotropism, thigmonastism, and thigmogenesis 

e Explain how plants defend themselves from predators and respond to 
wounds 


Animals can respond to environmental factors by moving to a new location. 
Plants, however, are rooted in place and must respond to the surrounding 
environmental factors. Plants have sophisticated systems to detect and 
respond to light, gravity, temperature, and physical touch. Receptors sense 
environmental factors and relay the information to effector systems—often 
through intermediate chemical messengers—to bring about plant responses. 


Plant Responses to Light 


Plants have a number of sophisticated uses for light that go far beyond their 
ability to photosynthesize low-molecular-weight sugars using only carbon 
dioxide, light, and water. Photomorphogenesis is the growth and 
development of plants in response to light. It allows plants to optimize their 
use of light and space. Photoperiodism is the ability to use light to track 
time. Plants can tell the time of day and time of year by sensing and using 
various wavelengths of sunlight. Phototropism is a directional response 
that allows plants to grow towards, or even away from, light. 


The sensing of light in the environment is important to plants; it can be 
crucial for competition and survival. The response of plants to light is 
mediated by different photoreceptors, which are comprised of a protein 
covalently bonded to a light-absorbing pigment called a chromophore. 
Together, the two are called a chromoprotein. 


The red/far-red and violet-blue regions of the visible light spectrum trigger 
structural development in plants. Sensory photoreceptors absorb light in 


these particular regions of the visible light spectrum because of the quality 
of light available in the daylight spectrum. In terrestrial habitats, light 
absorption by chlorophylls peaks in the blue and red regions of the 
spectrum. As light filters through the canopy and the blue and red 
wavelengths are absorbed, the spectrum shifts to the far-red end, shifting 
the plant community to those plants better adapted to respond to far-red 
light. Blue-light receptors allow plants to gauge the direction and 
abundance of sunlight, which is rich in blue-green emissions. Water 
absorbs red light, which makes the detection of blue light essential for algae 
and aquatic plants. 


The Phytochrome System and the Red/Far-Red Response 


The phytochromes are a family of chromoproteins with a linear 
tetrapyrrole chromophore, similar to the ringed tetrapyrrole light-absorbing 
head group of chlorophyll. Phytochromes have two photo-interconvertible 
forms: Pr and Pfr. Pr absorbs red light (~667 nm) and is immediately 
converted to Pfr. Pfr absorbs far-red light (~730 nm) and is quickly 
converted back to Pr. Absorption of red or far-red light causes a massive 
change to the shape of the chromophore, altering the conformation and 
activity of the phytochrome protein to which it is bound. Pfr is the 
physiologically active form of the protein; therefore, exposure to red light 
yields physiological activity. Exposure to far-red light inhibits phytochrome 
activity. Together, the two forms represent the phytochrome system ([link]). 


The phytochrome system acts as a biological light switch. It monitors the 
level, intensity, duration, and color of environmental light. The effect of red 
light is reversible by immediately shining far-red light on the sample, which 
converts the chromoprotein to the inactive Pr form. Additionally, Pfr can 
slowly revert to Pr in the dark, or break down over time. In all instances, the 
physiological response induced by red light is reversed. The active form of 
phytochrome (Pfr) can directly activate other molecules in the cytoplasm, or 
it can be trafficked to the nucleus, where it directly activates or represses 
specific gene expression. 


Once the phytochrome system evolved, plants adapted it to serve a variety 
of needs. Unfiltered, full sunlight contains much more red light than far-red 
light. Because chlorophyll absorbs strongly in the red region of the visible 
spectrum, but not in the far-red region, any plant in the shade of another 
plant on the forest floor will be exposed to red-depleted, far-red-enriched 
light. The preponderance of far-red light converts phytochrome in the 
shaded leaves to the Pr (inactive) form, slowing growth. The nearest non- 
shaded (or even less-shaded) areas on the forest floor have more red light; 
leaves exposed to these areas sense the red light, which activates the Pfr 
form and induces growth. In short, plant shoots use the phytochrome system 
to grow away from shade and towards light. Because competition for light 
is so fierce in a dense plant community, the evolutionary advantages of the 
phytochrome system are obvious. 


In seeds, the phytochrome system is not used to determine direction and 
quality of light (shaded versus unshaded). Instead, is it used merely to 
determine if there is any light at all. This is especially important in species 
with very small seeds, such as lettuce. Because of their size, lettuce seeds 
have few food reserves. Their seedlings cannot grow for long before they 
run out of fuel. If they germinated even a centimeter under the soil surface, 
the seedling would never make it into the sunlight and would die. In the 
dark, phytochrome is in the Pr (inactive form) and the seed will not 
germinate; it will only germinate if exposed to light at the surface of the 
soil. Upon exposure to light, Pr is converted to Pfr and germination 
proceeds. 


The biologically 
inactive form of 
phytochrome (Pr) is 
converted to the 
biologically active 
form Pfr under 
illumination with red 
light. Far-red light and 
darkness convert the 
molecule back to the 
inactive form. 


Plants also use the phytochrome system to sense the change of season. 
Photoperiodism is a biological response to the timing and duration of day 
and night. It controls flowering, setting of winter buds, and vegetative 
growth. Detection of seasonal changes is crucial to plant survival. Although 
temperature and light intensity influence plant growth, they are not reliable 
indicators of season because they may vary from one year to the next. Day 
length is a better indicator of the time of year. 


As stated above, unfiltered sunlight is rich in red light but deficient in far- 
red light. Therefore, at dawn, all the phytochrome molecules in a leaf 
quickly convert to the active Pfr form, and remain in that form until sunset. 
In the dark, the Pfr form takes hours to slowly revert back to the Pr form. If 
the night is long (as in winter), all of the Pfr form reverts. If the night is 
short (as in summer), a considerable amount of Pfr may remain at sunrise. 
By sensing the Pr/Pfr ratio at dawn, a plant can determine the length of the 
day/night cycle. In addition, leaves retain that information for several days, 
allowing a comparison between the length of the previous night and the 
preceding several nights. Shorter nights indicate springtime to the plant; 
when the nights become longer, autumn is approaching. This information, 
along with sensing temperature and water availability, allows plants to 
determine the time of the year and adjust their physiology accordingly. 
Short-day (long-night) plants use this information to flower in the late 


summer and early fall, when nights exceed a critical length (often eight or 
fewer hours). Long-day (short-night) plants flower during the spring, when 
darkness is less than a critical length (often eight to 15 hours). Not all plants 
use the phytochrome system in this way. Flowering in day-neutral plants is 
not regulated by daylength. 


Note: 

Career Connection 

Horticulturalist 

The word “horticulturist” comes from the Latin words for garden (hortus) 
and culture (cultura). This career has been revolutionized by progress 
made in the understanding of plant responses to environmental stimuli. 
Growers of crops, fruit, vegetables, and flowers were previously 
constrained by having to time their sowing and harvesting according to the 
season. Now, horticulturists can manipulate plants to increase leaf, flower, 
or fruit production by understanding how environmental factors affect 
plant growth and development. 

Greenhouse management is an essential component of a horticulturist’s 
education. To lengthen the night, plants are covered with a blackout shade 
cloth. Long-day plants are irradiated with red light in winter to promote 
early flowering. For example, fluorescent (cool white) light high in blue 
wavelengths encourages leafy growth and is excellent for starting 
seedlings. Incandescent lamps (standard light bulbs) are rich in red light, 
and promote flowering in some plants. The timing of fruit ripening can be 
increased or delayed by applying plant hormones. Recently, considerable 
progress has been made in the development of plant breeds that are suited 
to different climates and resistant to pests and transportation damage. Both 
crop yield and quality have increased as a result of practical applications of 
the knowledge of plant responses to external stimuli and hormones. 
Horticulturists find employment in private and governmental laboratories, 
greenhouses, botanical gardens, and in the production or research fields. 
They improve crops by applying their knowledge of genetics and plant 
physiology. To prepare for a horticulture career, students take classes in 
botany, plant physiology, plant pathology, landscape design, and plant 


breeding. To complement these traditional courses, horticulture majors add 
studies in economics, business, computer science, and communications. 


The Blue Light Responses 


Phototropism—the directional bending of a plant toward or away from a 
light source—is a response to blue wavelengths of light. Positive 
phototropism is growth towards a light source ({link]), while negative 
phototropism (also called skototropism) is growth away from light. 


The aptly-named phototropins are protein-based receptors responsible for 
mediating the phototropic response. Like all plant photoreceptors, 
phototropins consist of a protein portion and a light-absorbing portion, 
called the chromophore. In phototropins, the chromophore is a covalently- 
bound molecule of flavin; hence, phototropins belong to a class of proteins 
called flavoproteins. 


Other responses under the control of phototropins are leaf opening and 
closing, chloroplast movement, and the opening of stomata. However, of all 
responses controlled by phototropins, phototropism has been studied the 
longest and is the best understood. 


In their 1880 treatise The Power of Movements in Plants, Charles Darwin 
and his son Francis first described phototropism as the bending of seedlings 
toward light. Darwin observed that light was perceived by the tip of the 
plant (the apical meristem), but that the response (bending) took place ina 
different part of the plant. They concluded that the signal had to travel from 
the apical meristem to the base of the plant. 


Azure bluets (Houstonia caerulea) 
display a phototropic response by 
bending toward the light. (credit: Cory 
Zanker) 


In 1913, Peter Boysen-Jensen demonstrated that a chemical signal produced 
in the plant tip was responsible for the bending at the base. He cut off the 
tip of a seedling, covered the cut section with a layer of gelatin, and then 
replaced the tip. The seedling bent toward the light when illuminated. 
However, when impermeable mica flakes were inserted between the tip and 
the cut base, the seedling did not bend. A refinement of the experiment 
showed that the signal traveled on the shaded side of the seedling. When the 
mica plate was inserted on the illuminated side, the plant did bend towards 
the light. Therefore, the chemical signal was a growth stimulant because the 
phototropic response involved faster cell elongation on the shaded side than 
on the illuminated side. We now know that as light passes through a plant 
stem, it is diffracted and generates phototropin activation across the stem. 
Most activation occurs on the lit side, causing the plant hormone indole 
acetic acid (IAA) to accumulate on the shaded side. Stem cells elongate 
under influence of IAA. 


Cryptochromes are another class of blue-light absorbing photoreceptors 
that also contain a flavin-based chromophore. Cryptochromes set the plants 


24-hour activity cycle, also know as its circadian rhythem, using blue light 
cues. There is some evidence that cryptochromes work together with 
phototropins to mediate the phototropic response. 


Note: 
Link to Learning 


Use the navigation menu in the left panel of this website to view images of 
plants in motion. 


Plant Responses to Gravity 


Whether or not they germinate in the light or in total darkness, shoots 
usually sprout up from the ground, and roots grow downward into the 
ground. A plant laid on its side in the dark will send shoots upward when 
given enough time. Gravitropism ensures that roots grow into the soil and 
that shoots grow toward sunlight. Growth of the shoot apical tip upward is 
called negative gravitropism, whereas growth of the roots downward is 
called positive gravitropism. 


Amyloplasts (also known as statoliths) are specialized plastids that contain 
starch granules and settle downward in response to gravity. Amyloplasts are 
found in shoots and in specialized cells of the root cap. When a plant is 
tilted, the statoliths drop to the new bottom cell wall. A few hours later, the 
shoot or root will show growth in the new vertical direction. 


The mechanism that mediates gravitropism is reasonably well understood. 
When amyloplasts settle to the bottom of the gravity-sensing cells in the 


root or shoot, they physically contact the endoplasmic reticulum (ER), 
causing the release of calcium ions from inside the ER. This calcium 
signaling in the cells causes polar transport of the plant hormone IAA to the 
bottom of the cell. In roots, a high concentration of IAA inhibits cell 
elongation. The effect slows growth on the lower side of the root, while 
cells develop normally on the upper side. [AA has the opposite effect in 
shoots, where a higher concentration at the lower side of the shoot 
stimulates cell expansion, causing the shoot to grow up. After the shoot or 
root begin to grow vertically, the amyloplasts return to their normal 
position. Other hypotheses—involving the entire cell in the gravitropism 
effect—have been proposed to explain why some mutants that lack 
amyloplasts may still exhibit a weak gravitropic response. 


Growth Responses 


A plant’s sensory response to external stimuli relies on chemical 
messengers (hormones). Plant hormones affect all aspects of plant life, from 
flowering to fruit setting and maturation, and from phototropism to leaf fall. 
Potentially every cell in a plant can produce plant hormones. They can act 
in their cell of origin or be transported to other portions of the plant body, 
with many plant responses involving the synergistic or antagonistic 
interaction of two or more hormones. In contrast, animal hormones are 
produced in specific glands and transported to a distant site for action, and 
they act alone. 


Plant hormones are a group of unrelated chemical substances that affect 
plant morphogenesis. Five major plant hormones are traditionally 
described: auxins (particularly IAA), cytokinins, gibberellins, ethylene, and 
abscisic acid. In addition, other nutrients and environmental conditions can 
be characterized as growth factors. 


Auxins 


The term auxin is derived from the Greek word auxein, which means "to 
grow." Auxins are the main hormones responsible for cell elongation in 


phototropism and gravitropism. They also control the differentiation of 
meristem into vascular tissue, and promote leaf development and 
arrangement. While many synthetic auxins are used as herbicides, [AA is 
the only naturally occurring auxin that shows physiological activity. Apical 
dominance—the inhibition of lateral bud formation—is triggered by auxins 
produced in the apical meristem. Flowering, fruit setting and ripening, and 
inhibition of abscission (leaf falling) are other plant responses under the 
direct or indirect control of auxins. Auxins also act as a relay for the effects 
of the blue light and red/far-red responses. 


Commercial use of auxins is widespread in plant nurseries and for crop 
production. IAA is used as a rooting hormone to promote growth of 
adventitious roots on cuttings and detached leaves. Applying synthetic 
auxins to tomato plants in greenhouses promotes normal fruit development. 
Outdoor application of auxin promotes synchronization of fruit setting and 
dropping to coordinate the harvesting season. Fruits such as seedless 
cucumbers can be induced to set fruit by treating unfertilized plant flowers 
with auxins. 


Cytokinins 


The effect of cytokinins was first reported when it was found that adding 
the liquid endosperm of coconuts to developing plant embryos in culture 
stimulated their growth. The stimulating growth factor was found to be 
cytokinin, a hormone that promotes cytokinesis (cell division). Almost 200 
naturally occurring or synthetic cytokinins are known to date. Cytokinins 
are most abundant in growing tissues, such as roots, embryos, and fruits, 
where cell division is occurring. Cytokinins are known to delay senescence 
in leaf tissues, promote mitosis, and stimulate differentiation of the 
meristem in shoots and roots. Many effects on plant development are under 
the influence of cytokinins, either in conjunction with auxin or another 
hormone. For example, apical dominance seems to result from a balance 
between auxins that inhibit lateral buds, and cytokinins that promote 
bushier growth. 


Gibberellins 


Gibberellins (GAs) are a group of about 125 closely related plant 
hormones that stimulate shoot elongation, seed germination, and fruit and 
flower maturation. GAs are synthesized in the root and stem apical 
meristems, young leaves, and seed embryos. In urban areas, GA antagonists 
are sometimes applied to trees under power lines to control growth and 
reduce the frequency of pruning. 


GAs break dormancy (a state of inhibited growth and development) in the 
seeds of plants that require exposure to cold or light to germinate. Abscisic 
acid is a strong antagonist of GA action. Other effects of GAs include 
gender expression, seedless fruit development, and the delay of senescence 
in leaves and fruit. Seedless grapes are obtained through standard breeding 
methods and contain inconspicuous seeds that fail to develop. Because GAs 
are produced by the seeds, and because fruit development and stem 
elongation are under GA control, these varieties of grapes would normally 
produce small fruit in compact clusters. Maturing grapes are routinely 
treated with GA to promote larger fruit size, as well as looser bunches 
(longer stems), which reduces the instance of mildew infection ([Link]). 


In grapes, application of 
gibberellic acid increases 
the size of fruit and 
loosens clustering. 
(credit: Bob Nichols, 
USDA) 


Abscisic Acid 


The plant hormone abscisic acid (ABA) was first discovered as the agent 
that causes the abscission or dropping of cotton bolls. However, more recent 
studies indicate that ABA plays only a minor role in the abscission process. 
ABA accumulates as a response to stressful environmental conditions, such 
as dehydration, cold temperatures, or shortened day lengths. Its activity 
counters many of the growth-promoting effects of GAs and auxins. ABA 
inhibits stem elongation and induces dormancy in lateral buds. 


ABA induces dormancy in seeds by blocking germination and promoting 
the synthesis of storage proteins. Plants adapted to temperate climates 
require a long period of cold temperature before seeds germinate. This 
mechanism protects young plants from sprouting too early during 
unseasonably warm weather in winter. As the hormone gradually breaks 
down over winter, the seed is released from dormancy and germinates when 
conditions are favorable in spring. Another effect of ABA is to promote the 
development of winter buds; it mediates the conversion of the apical 
meristem into a dormant bud. Low soil moisture causes an increase in 
ABA, which causes stomata to close, reducing water loss in winter buds. 


Ethylene 


Ethylene is associated with fruit ripening, flower wilting, and leaf fall. 
Ethylene is unusual because it is a volatile gas (C)H,). Hundreds of years 
ago, when gas street lamps were installed in city streets, trees that grew 
close to lamp posts developed twisted, thickened trunks and shed their 
leaves earlier than expected. These effects were caused by ethylene 
volatilizing from the lamps. 


Aging tissues (especially senescing leaves) and nodes of stems produce 
ethylene. The best-known effect of the hormone, however, is the promotion 
of fruit ripening. Ethylene stimulates the conversion of starch and acids to 
sugars. Some people store unripe fruit, such as avocadoes, in a sealed paper 
bag to accelerate ripening; the gas released by the first fruit to mature will 
speed up the maturation of the remaining fruit. Ethylene also triggers leaf 
and fruit abscission, flower fading and dropping, and promotes germination 
in some cereals and sprouting of bulbs and potatoes. 


Ethylene is widely used in agriculture. Commercial fruit growers control 
the timing of fruit ripening with application of the gas. Horticulturalists 
inhibit leaf dropping in ornamental plants by removing ethylene from 
greenhouses using fans and ventilation. 


Nontraditional Hormones 


Recent research has discovered a number of compounds that also influence 
plant development. Their roles are less understood than the effects of the 
major hormones described so far. 


Jasmonates play a major role in defense responses to herbivory. Their 
levels increase when a plant is wounded by a predator, resulting in an 
increase in toxic secondary metabolites. They contribute to the production 
of volatile compounds that attract natural enemies of predators. For 
example, chewing of tomato plants by caterpillars leads to an increase in 
jasmonic acid levels, which in turn triggers the release of volatile 
compounds that attract predators of the pest. 


Oligosaccharins also play a role in plant defense against bacterial and 
fungal infections. They act locally at the site of injury, and can also be 
transported to other tissues. Strigolactones promote seed germination in 
some species and inhibit lateral apical development in the absence of 
auxins. Strigolactones also play a role in the establishment of mycorrhizae, 
a mutualistic association of plant roots and fungi. Brassinosteroids are 
important to many developmental and physiological processes. Signals 
between these compounds and other hormones, notably auxin and GAs, 
amplifies their physiological effect. Apical dominance, seed germination, 
gravitropism, and resistance to freezing are all positively influenced by 
hormones. Root growth and fruit dropping are inhibited by steroids. 


Plant Responses to Wind and Touch 


The shoot of a pea plant winds around a trellis, while a tree grows on an 
angle in response to strong prevailing winds. These are examples of how 
plants respond to touch or wind. 


The movement of a plant subjected to constant directional pressure is called 
thigmotropism, from the Greek words thigma meaning “touch,” and 
tropism implying “direction.” Tendrils are one example of this. The 
meristematic region of tendrils is very touch sensitive; light touch will 
evoke a quick coiling response. Cells in contact with a support surface 


contract, whereas cells on the opposite side of the support expand ({link]). 
Application of jasmonic acid is sufficient to trigger tendril coiling without a 
mechanical stimulus. 


A thigmonastic response is a touch response independent of the direction 
of stimulus [link]. In the Venus flytrap, two modified leaves are joined at a 
hinge and lined with thin fork-like tines along the outer edges. Tiny hairs 
are located inside the trap. When an insect brushes against these trigger 
hairs, touching two or more of them in succession, the leaves close quickly, 
trapping the prey. Glands on the leaf surface secrete enzymes that slowly 
digest the insect. The released nutrients are absorbed by the leaves, which 
reopen for the next meal. 


Thigmomorphogenesis is a slow developmental change in the shape of a 
plant subjected to continuous mechanical stress. When trees bend in the 
wind, for example, growth is usually stunted and the trunk thickens. 
Strengthening tissue, especially xylem, is produced to add stiffness to resist 
the wind’s force. Researchers hypothesize that mechanical strain induces 
growth and differentiation to strengthen the tissues. Ethylene and jasmonate 
are likely involved in thigmomorphogenesis. 


Note: 
Link to Learning 


openstax COLLEGE 


Deli tral 


Use the menu at the left to navigate to three short movies: a Venus fly trap 
capturing prey, the progressive closing of sensitive plant leaflets, and the 
twining of tendrils. 


Defense Responses against Herbivores and Pathogens 


Plants face two types of enemies: herbivores and pathogens. Herbivores 
both large and small use plants as food, and actively chew them. Pathogens 
are agents of disease. These infectious microorganisms, such as fungi, 
bacteria, and nematodes, live off of the plant and damage its tissues. Plants 
have developed a variety of strategies to discourage or kill attackers. 


The first line of defense in plants is an intact and impenetrable barrier. Bark 
and the waxy cuticle can protect against predators. Other adaptations 
against herbivory include thorns, which are modified branches, and spines, 
which are modified leaves. They discourage animals by causing physical 
damage and inducing rashes and allergic reactions. A plant’s exterior 
protection can be compromised by mechanical damage, which may provide 
an entry point for pathogens. If the first line of defense is breached, the 
plant must resort to a different set of defense mechanisms, such as toxins 
and enzymes. 


Secondary metabolites are compounds that are not directly derived from 
photosynthesis and are not necessary for respiration or plant growth and 
development. Many metabolites are toxic, and can even be lethal to animals 
that ingest them. Some metabolites are alkaloids, which discourage 
predators with noxious odors (such as the volatile oils of mint and sage) or 
repellent tastes (like the bitterness of quinine). Other alkaloids affect 
herbivores by causing either excessive stimulation (caffeine is one example) 
or the lethargy associated with opioids. Some compounds become toxic 
after ingestion; for instance, glycol cyanide in the cassava root releases 
cyanide only upon ingestion by the herbivore. 


Mechanical wounding and predator attacks activate defense and protection 
mechanisms both in the damaged tissue and at sites farther from the injury 
location. Some defense reactions occur within minutes: others over several 
hours. The infected and surrounding cells may die, thereby stopping the 
spread of infection. 


Long-distance signaling elicits a systemic response aimed at deterring the 
predator. As tissue is damaged, jasmonates may promote the synthesis of 
compounds that are toxic to predators. Jasmonates also elicit the synthesis 


of volatile compounds that attract parasitoids, which are insects that spend 
their developing stages in or on another insect, and eventually kill their 
host. The plant may activate abscission of injured tissue if it is damaged 
beyond repair. 


Section Summary 


Plants respond to light by changes in morphology and activity. Irradiation 
by red light converts the photoreceptor phytochrome to its far-red light- 
absorbing form—Pfr. This form controls germination and flowering in 
response to length of day, as well as triggers photosynthesis in dormant 
plants or those that just emerged from the soil. Blue-light receptors, 
cryptochromes, and phototropins are responsible for phototropism. 
Amyloplasts, which contain heavy starch granules, sense gravity. Shoots 
exhibit negative gravitropism, whereas roots exhibit positive gravitropism. 
Plant hormones—naturally occurring compounds synthesized in small 
amounts—can act both in the cells that produce them and in distant tissues 
and organs. Auxins are responsible for apical dominance, root growth, 
directional growth toward light, and many other growth responses. 
Cytokinins stimulate cell division and counter apical dominance in shoots. 
Gibberellins inhibit dormancy of seeds and promote stem growth. Abscisic 
acid induces dormancy in seeds and buds, and protects plants from 
excessive water loss by promoting stomatal closure. Ethylene gas speeds up 
fruit ripening and dropping of leaves. Plants respond to touch by rapid 
movements (thigmotropy and thigmonasty) and slow differential growth 
(thigmomorphogenesis). Plants have evolved defense mechanisms against 
predators and pathogens. Physical barriers like bark and spines protect 
tender tissues. Plants also have chemical defenses, including toxic 
secondary metabolites and hormones, which elicit additional defense 
mechanisms. 


Review Questions 


Exercise: 


Problem: 
The main photoreceptor that triggers phototropism is a 


a. phytochrome 
b. cryptochrome 
c. phototropin 
d. carotenoid 


Solution: 


C 


Exercise: 


Problem: Phytochrome is a plant pigment protein that: 


a. mediates plant infection 

b. promotes plant growth 

c. mediates morphological changes in response to red and far-red 
light 

d. inhibits plant growth 


Solution: 


C 
Exercise: 
Problem: 


A mutant plant has roots that grow in all directions. Which of the 
following organelles would you expect to be missing in the cell? 


a. mitochondria 
b. amyloplast 
c. chloroplast 


d. nucleus 


Solution: 


B 
Exercise: 
Problem: 
After buying green bananas or unripe avocadoes, they can be kept in a 


brown bag to ripen. The hormone released by the fruit and trapped in 
the bag is probably: 


a. abscisic acid 

b. cytokinin 

c. ethylene 

d. gibberellic acid 


Solution: 


C 
Exercise: 


Problem: 


A decrease in the level of which hormone releases seeds from 
dormancy? 


a. abscisic acid 

b. cytokinin 

c. ethylene 

d. gibberellic acid 


Solution: 


A 


Exercise: 
Problem: 


A seedling germinating under a stone grows at an angle away from the 
stone and upward. This response to touch is called 


a. gravitropism 
b. thigmonasty 
c. thigmotropism 
d. skototropism 


Solution: 


C 


Free Response 


Exercise: 
Problem: 
Owners and managers of plant nurseries have to plan lighting 
schedules for a long-day plant that will flower in February. What 


lighting periods will be most effective? What color of light should be 
chosen? 


Solution: 


A long-day plant needs a higher proportion of the Pfr form to Pr form 
of phytochrome. The plant requires long periods of illumination with 
light enriched in the red range of the spectrum. 


Exercise: 


Problem: 


What are the major benefits of gravitropism for a germinating 
seedling? 


Solution: 


Gravitropism will allow roots to dig deep into the soil to find water 
and minerals, whereas the seedling will grow towards light to enable 
photosynthesis. 


Exercise: 
Problem: 


Fruit and vegetable storage facilities are usually refrigerated and well 
ventilated. Why are these conditions advantageous? 


Solution: 

Refrigeration slows chemical reactions, including fruit maturation. 

Ventilation removes the ethylene gas that speeds up fruit ripening. 
Exercise: 

Problem: 

Stomata close in response to bacterial infection. Why is this response a 


mechanism of defense for the plant? Which hormone is most likely to 
mediate this response? 


Solution: 


To prevent further entry of pathogens, stomata close, even if they 
restrict entry of CO». Some pathogens secrete virulence factors that 
inhibit the closing of stomata. Abscisic acid is the stress hormone 
responsible for inducing closing of stomata. 


Glossary 


abscisic acid (ABA) 
plant hormone that induces dormancy in seeds and other organs 


abscission 
physiological process that leads to the fall of a plant organ (such as 
leaf or petal drop) 


auxin 
plant hormone that influences cell elongation (in phototropism), 
gravitropism, apical dominance and root growth 


chromophore 
molecule that absorbs light 


cryptochrome 
protein that absorbs light in the blue and ultraviolet regions of the light 
spectrum 


cytokinin 
plant hormone that promotes cell division 


ethylene 
volatile plant hormone that is associated with fruit ripening, flower 
wilting, and leaf fall 


gibberellin (GA) 
plant hormone that stimulates shoot elongation, seed germination, and 
the maturation and dropping of fruit and flowers 


jasmonates 
small family of compounds derived from the fatty acid linoleic acid 


negative gravitropism 
growth away from Earth’s gravity 


oligosaccharin 
hormone important in plant defenses against bacterial and fungal 
infections 


photomorphogenesis 
growth and development of plants in response to light 


photoperiodism 
occurrence of plant processes, such as germination and flowering, 
according to the time of year 


phototropin 
blue-light receptor that promotes phototropism, stomatal opening and 
closing, and other responses that promote photosynthesis 


phototropism 
directional bending of a plant toward a light source 


phytochrome 
plant pigment protein that exists in two reversible forms (Pr and Pfr) 
and mediates morphologic changes in response to red light 


positive gravitropism 
growth toward Earth’s gravitational center 


statolith 
(also, amyloplast) plant organelle that contains heavy starch granules 


strigolactone 
hormone that promotes seed germination in some species and inhibits 
lateral apical development in the absence of auxins 


thigmomorphogenesis 
developmental response to touch 


thigmonastic 
directional growth of a plant independent of the direction in which 
contact is applied 


thigmotropism 
directional growth of a plant in response to constant contact 


Introduction 
class="introduction" 


For this (a) squash 
seedling (Cucurbita 
maxima) to develop 
into a mature plant 
bearing its (b) fruit, 
numerous nutritional 
requirements must be 
met. (credit a: 
modification of work 
by Julian Colton; credit 
b: modification of 
work by 
"Wildfeuer"/Wikimedi 
a Commons) 


(a) (b) 


Cucurbitaceae is a family of plants first cultivated in Mesoamerica, 
although several species are native to North America. The family includes 
many edible species, such as squash and pumpkin, as well as inedible 
gourds. In order to grow and develop into mature, fruit-bearing plants, 
many requirements must be met and events must be coordinated. Seeds 
must germinate under the right conditions in the soil; therefore, 
temperature, moisture, and soil quality are important factors that play a role 


in germination and seedling development. Soil quality and climate are 
significant to plant distribution and growth. The young seedling will 
eventually grow into a mature plant, and the roots will absorb nutrients and 
water from the soil. At the same time, the aboveground parts of the plant 
will absorb carbon dioxide from the atmosphere and use energy from 
sunlight to produce organic compounds through photosynthesis. This 
chapter will explore the complex dynamics between plants and soils, and 
the adaptations that plants have evolved to make better use of nutritional 
resources. 


Nutritional Requirements of Plants 
By the end of this section, you will be able to: 


e Describe how plants obtain nutrients 
e List the elements and compounds required for proper plant nutrition 
e Describe an essential nutrient 


Plants are unique organisms that can absorb nutrients and water through 
their root system, as well as carbon dioxide from the atmosphere. Soil 
quality and climate are the major determinants of plant distribution and 
growth. The combination of soil nutrients, water, and carbon dioxide, along 
with sunlight, allows plants to grow. 


The Chemical Composition of Plants 


Since plants require nutrients in the form of elements such as carbon and 
potassium, it is important to understand the chemical composition of plants. 
The majority of volume in a plant cell is water; it typically comprises 80 to 
90 percent of the plant’s total weight. Soil is the water source for land 
plants, and can be an abundant source of water, even if it appears dry. Plant 
roots absorb water from the soil through root hairs and transport it up to the 
leaves through the xylem. As water vapor is lost from the leaves, the 
process of transpiration and the polarity of water molecules (which enables 
them to form hydrogen bonds) draws more water from the roots up through 
the plant to the leaves ([link]). Plants need water to support cell structure, 
for metabolic functions, to carry nutrients, and for photosynthesis. 


Root hairs 


Water is absorbed through the 
root hairs and moves up the 
xylem to the leaves. 


Plant cells need essential substances, collectively called nutrients, to sustain 
life. Plant nutrients may be composed of either organic or inorganic 
compounds. An organic compound is a chemical compound that contains 
carbon, such as carbon dioxide obtained from the atmosphere. Carbon that 
was obtained from atmospheric CO2 composes the majority of the dry mass 
within most plants. An inorganic compound does not contain carbon and 
is not part of, or produced by, a living organism. Inorganic substances, 
which form the majority of the soil solution, are commonly called minerals: 
those required by plants include nitrogen (N) and potassium (K) for 
structure and regulation. 


Essential Nutrients 


Plants require only light, water and about 20 elements to support all their 
biochemical needs: these 20 elements are called essential nutrients ([link]). 
For an element to be regarded as essential, three criteria are required: 1) a 


plant cannot complete its life cycle without the element; 2) no other element 
can perform the function of the element; and 3) the element is directly 


involved in plant nutrition. 


Essential Elements for Plant Growth 


Macronutrients 
Carbon (C) 
Hydrogen (H) 
Oxygen (O) 
Nitrogen (N) 
Phosphorus (P) 
Potassium (K) 
Calcium (Ca) 
Magnesium (Mg) 


Sulfur (S) 


Micronutrients 
Iron (Fe) 
Manganese (Mn) 
Boron (B) 
Molybdenum (Mo) 
Copper (Cu) 
Zinc (Zn) 
Chlorine (Cl) 
Nickel (Ni) 
Cobalt (Co) 
Sodium (Na) 


Silicon (Si) 


Macronutrients and Micronutrients 


The essential elements can be divided into two groups: macronutrients and 
micronutrients. Nutrients that plants require in larger amounts are called 
macronutrients. About half of the essential elements are considered 
macronutrients: carbon, hydrogen, oxygen, nitrogen, phosphorus, 
potassium, calcium, magnesium and sulfur. The first of these 
macronutrients, carbon (C), is required to form carbohydrates, proteins, 
nucleic acids, and many other compounds; it is therefore present in all 
macromolecules. On average, the dry weight (excluding water) of a cell is 
50 percent carbon. As shown in [link], carbon is a key part of plant 
biomolecules. 


Cellulose fibers 


Cellulose structure 


Cellulose, the main structural component of the 
plant cell wall, makes up over thirty percent of 
plant matter. It is the most abundant organic 
compound on earth. 


The next most abundant element in plant cells is nitrogen (N); it is part of 
proteins and nucleic acids. Nitrogen is also used in the synthesis of some 
vitamins. Hydrogen and oxygen are macronutrients that are part of many 


organic compounds, and also form water. Oxygen is necessary for cellular 
respiration; plants use oxygen to store energy in the form of ATP. 
Phosphorus (P), another macromolecule, is necessary to synthesize nucleic 
acids and phospholipids. As part of ATP, phosphorus enables food energy to 
be converted into chemical energy through oxidative phosphorylation. 
Likewise, light energy is converted into chemical energy during 
photophosphorylation in photosynthesis, and into chemical energy to be 
extracted during respiration. Sulfur is part of certain amino acids, such as 
cysteine and methionine, and is present in several coenzymes. Sulfur also 
plays a role in photosynthesis as part of the electron transport chain, where 
hydrogen gradients play a key role in the conversion of light energy into 
ATP. Potassium (K) is important because of its role in regulating stomatal 
opening and closing. As the openings for gas exchange, stomata help 
maintain a healthy water balance; a potassium ion pump supports this 
process. 


Magnesium (Mg) and calcium (Ca) are also important macronutrients. The 
role of calcium is twofold: to regulate nutrient transport, and to support 
many enzyme functions. Magnesium is important to the photosynthetic 
process. These minerals, along with the micronutrients, which are described 
below, also contribute to the plant’s ionic balance. 


In addition to macronutrients, organisms require various elements in small 
amounts. These micronutrients, or trace elements, are present in very 
small quantities. They include boron (B), chlorine (Cl), manganese (Mn), 
iron (Fe), zinc (Zn), copper (Cu), molybdenum (Mo), nickel (Ni), silicon 
(Si), and sodium (Na). 


Deficiencies in any of these nutrients—particularly the macronutrients— 
can adversely affect plant growth ([link]. Depending on the specific 
nutrient, a lack can cause stunted growth, slow growth, or chlorosis 
(yellowing of the leaves). Extreme deficiencies may result in leaves 
showing signs of cell death. 


Note: 
Link to Learning 


Visit this website to participate in an interactive experiment on plant 
nutrient deficiencies. You can adjust the amounts of N, P, K, Ca, Mg, and 


Fe that plants receive .. . and see what happens. 


Nutrient deficiency is evident in the symptoms 
these plants show. This (a) grape tomato suffers 
from blossom end rot caused by calcium 
deficiency. The yellowing in this (b) Frangula 
alnus results from magnesium deficiency. 


Inadequate magnesium also leads to (c) 
intervenal chlorosis, seen here in a sweetgum 


leaf. This (d) palm is affected by potassium 
deficiency. (credit c: modification of work by 
Jim Conrad; credit d: modification of work by 
Malcolm Manners) 


Note: 

Everyday Connection 

Hydroponics 

Hydroponics is a method of growing plants in a water-nutrient solution 
instead of soil. Since its advent, hydroponics has developed into a growing 
process that researchers often use. Scientists who are interested in studying 
plant nutrient deficiencies can use hydroponics to study the effects of 
different nutrient combinations under strictly controlled conditions. 
Hydroponics has also developed as a way to grow flowers, vegetables, and 
other crops in greenhouse environments. You might find hydroponically 
grown produce at your local grocery store. Today, many lettuces and 
tomatoes in your market have been hydroponically grown. 


Section Summary 


Plants can absorb inorganic nutrients and water through their root system, 
and carbon dioxide from the environment. The combination of organic 
compounds, along with water, carbon dioxide, and sunlight, produce the 
energy that allows plants to grow. Inorganic compounds form the majority 
of the soil solution. Plants access water though the soil. Water is absorbed 
by the plant root, transports nutrients throughout the plant, and maintains 
the structure of the plant. Essential elements are indispensable elements for 
plant growth. They are divided into macronutrients and micronutrients. The 
macronutrients plants require are carbon, nitrogen, hydrogen, oxygen, 
phosphorus, potassium, calcium, magnesium, and sulfur. Important 


micronutrients include iron, manganese, boron, molybdenum, copper, zinc, 
chlorine, nickel, cobalt, silicon and sodium. 


Review Questions 


Exercise: 
Problem: 


For an element to be regarded as essential, all of the following criteria 
must be met, except: 


a. No other element can perform the function. 

b. The element is directly involved in plant nutrition. 

c. The element is inorganic. 

d. The plant cannot complete its lifecycle without the element. 


Solution: 


C 
Exercise: 


Problem: 


The nutrient that is part of carbohydrates, proteins, and nucleic acids, 
and that forms biomolecules, is 


a. nitrogen 

b. carbon 

c. magnesium 
d. iron 


Solution: 


B 


Exercise: 


Problem: Most are necessary for enzyme function. 


a. micronutrients 

b. macronutrients 

c. biomolecules 

d. essential nutrients 


Solution: 
A 


Exercise: 


Problem: What is the main water source for land plants? 


a. rain 

b. soil 

c. biomolecules 

d. essential nutrients 


Solution: 


B 


Free Response 


Exercise: 


Problem: 


What type of plant problems result from nitrogen and calcium 
deficiencies? 


Solution: 


Deficiencies in these nutrients could result in stunted growth, slow 
growth, and chlorosis. 


Exercise: 
Problem: 


Research the life of Jan Babtista van Helmont. What did the van 
Helmont experiment show? 


Solution: 


van Helmont showed that plants do not consume soil, which is correct. 
He also thought that plant growth and increased weight resulted from 
the intake of water, a conclusion that has since been disproven. 


Exercise: 


Problem: 
List two essential macronutrients and two essential nutrients. 
Solution: 


Answers may vary. Essential macronutrients include carbon, hydrogen, 
oxygen, nitrogen, phosphorus, potassium, calcium, magnesium, and 
sulfur. Essential micronutrients include iron, manganese, boron, 
molybdenum, copper, zinc, chlorine, nickel, cobalt, sodium, and 
silicon. 


Glossary 


inorganic compound 
chemical compound that does not contain carbon; it is not part of or 
produced by a living organism 


macronutrient 
nutrient that is required in large amounts for plant growth; carbon, 
hydrogen, oxygen, nitrogen, phosphorus, potassium, calcium, 


magnesium, and sulfur 


micronutrient 
nutrient required in small amounts; also called trace element 


organic compound 
chemical compound that contains carbon 


The Soil 
By the end of this section, you will be able to: 


e Describe how soils are formed 
e Explain soil composition 
e Describe a soil profile 


Plants obtain inorganic elements from the soil, which serves as a natural 
medium for land plants. Soil is the outer loose layer that covers the surface 
of Earth. Soil quality is a major determinant, along with climate, of plant 
distribution and growth. Soil quality depends not only on the chemical 
composition of the soil, but also the topography (regional surface features) 
and the presence of living organisms. In agriculture, the history of the soil, 
such as the cultivating practices and previous crops, modify the 
characteristics and fertility of that soil. 


Soil develops very slowly over long periods of time, and its formation 
results from natural and environmental forces acting on mineral, rock, and 
organic compounds. Soils can be divided into two groups: organic soils are 
those that are formed from sedimentation and primarily composed of 
organic matter, while those that are formed from the weathering of rocks 
and are primarily composed of inorganic material are called mineral soils. 
Mineral soils are predominant in terrestrial ecosystems, where soils may be 
covered by water for part of the year or exposed to the atmosphere. 


Soil Composition 
Soil consists of these major components ([link]): 


e inorganic mineral matter, about 40 to 45 percent of the soil volume 
¢ organic matter, about 5 percent of the soil volume 
e water and air, about 50 percent of the soil volume 


The amount of each of the four major components of soil depends on the 
amount of vegetation, soil compaction, and water present in the soil. A 
good healthy soil has sufficient air, water, minerals, and organic material to 
promote and sustain plant life. 


Note: 


Art Connection 


Organic matter 
(microorganisms 

and macroorganisms) 
5% 


50% 


The four major components of 
soil are shown: inorganic 
minerals, organic matter, water, 
and air. 


Soil compaction can result when soil is compressed by heavy machinery or 
even foot traffic. How might this compaction change the soil composition? 


The organic material of soil, called humus, is made up of microorganisms 
(dead and alive), and dead animals and plants in varying stages of decay. 
Humus improves soil structure and provides plants with water and minerals. 
The inorganic material of soil consists of rock, slowly broken down into 
smaller particles that vary in size. Soil particles that are 0.1 to 2 mm in 
diameter are sand. Soil particles between 0.002 and 0.1 mm are called silt, 
and even smaller particles, less than 0.002 mm in diameter, are called clay. 
Some soils have no dominant particle size and contain a mixture of sand, 
silt, and humus; these soils are called loams. 


Note: 
Link to Learning 


1 


pee: 
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Explore this interactive map from the USDA’s National Cooperative Soil 
Survey to access soil data for almost any region in the United States. 


Soil Formation 


Soil formation is the consequence of a combination of biological, physical, 
and chemical processes. Soil should ideally contain 50 percent solid 
material and 50 percent pore space. About one-half of the pore space should 
contain water, and the other half should contain air. The organic component 
of soil serves as a cementing agent, returns nutrients to the plant, allows soil 
to store moisture, makes soil tillable for farming, and provides energy for 
soil microorganisms. Most soil microorganisms—bacteria, algae, or fungi— 
are dormant in dry soil, but become active once moisture is available. 


Soil distribution is not homogenous because its formation results in the 
production of layers; together, the vertical section of a soil is called the soil 
profile. Within the soil profile, soil scientists define zones called horizons. 
A horizon is a soil layer with distinct physical and chemical properties that 
differ from those of other layers. Five factors account for soil formation: 
parent material, climate, topography, biological factors, and time. 


Parent Material 


The organic and inorganic material in which soils form is the parent 
material. Mineral soils form directly from the weathering of bedrock, the 


solid rock that lies beneath the soil, and therefore, they have a similar 
composition to the original rock. Other soils form in materials that came 
from elsewhere, such as sand and glacial drift. Materials located in the 
depth of the soil are relatively unchanged compared with the deposited 
material. Sediments in rivers may have different characteristics, depending 
on whether the stream moves quickly or slowly. A fast-moving river could 
have sediments of rocks and sand, whereas a slow-moving river could have 
fine-textured material, such as clay. 


Climate 


Temperature, moisture, and wind cause different patterns of weathering and 
therefore affect soil characteristics. The presence of moisture and nutrients 
from weathering will also promote biological activity: a key component of a 
quality soil. 


Topography 


Regional surface features (familiarly called “the lay of the land”) can have a 
major influence on the characteristics and fertility of a soil. Topography 
affects water runoff, which strips away parent material and affects plant 
growth. Steeps soils are more prone to erosion and may be thinner than 
soils that are relatively flat or level. 


Biological factors 


The presence of living organisms greatly affects soil formation and 
structure. Animals and microorganisms can produce pores and crevices, and 
plant roots can penetrate into crevices to produce more fragmentation. Plant 
secretions promote the development of microorganisms around the root, in 
an area known as the rhizosphere. Additionally, leaves and other material 
that fall from plants decompose and contribute to soil composition. 


Time 


Time is an important factor in soil formation because soils develop over 
long periods. Soil formation is a dynamic process. Materials are deposited 
over time, decompose, and transform into other materials that can be used 
by living organisms or deposited onto the surface of the soil. 


Physical Properties of the Soil 


Soils are named and classified based on their horizons. The soil profile has 
four distinct layers: 1) O horizon; 2) A horizon; 3) B horizon, or subsoil; 
and 4) C horizon, or soil base ([link]). The O horizon has freshly 
decomposing organic matter—humus—at its surface, with decomposed 
vegetation at its base. Humus enriches the soil with nutrients and enhances 
soil moisture retention. Topsoil—the top layer of soil—is usually two to 
three inches deep, but this depth can vary considerably. For instance, river 
deltas like the Mississippi River delta have deep layers of topsoil. Topsoil is 
rich in organic material; microbial processes occur there, and it is the 
“workhorse” of plant production. The A horizon consists of a mixture of 
organic material with inorganic products of weathering, and it is therefore 
the beginning of true mineral soil. This horizon is typically darkly colored 
because of the presence of organic matter. In this area, rainwater percolates 
through the soil and carries materials from the surface. The B horizon is an 
accumulation of mostly fine material that has moved downward, resulting 
in a dense layer in the soil. In some soils, the B horizon contains nodules or 
a layer of calcium carbonate. The C horizon, or soil base, includes the 
parent material, plus the organic and inorganic material that is broken down 
to form soil. The parent material may be either created in its natural place, 
or transported from elsewhere to its present location. Beneath the C horizon 
lies bedrock. 


Note: 
Art Connection 
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This soil profile shows the 
different soil layers (O 
horizon, A horizon, B 

horizon, and C horizon) found 
in typical soils. (credit: 
modification of work by 
USDA) 


Which horizon is considered the topsoil, and which is considered the 


subsoil? 


Some soils may have additional layers, or lack one of these layers. The 
thickness of the layers is also variable, and depends on the factors that 
influence soil formation. In general, immature soils may have O, A, and C 
horizons, whereas mature soils may display all of these, plus additional 


layers ([link]). 
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The San Joaquin soil profile has 
an O horizon, A horizon, B 
horizon, and C horizon. (credit: 
modification of work by USDA) 


Note: 

Career Connections 

Soil Scientist 

A soil scientist studies the biological components, physical and chemical 
properties, distribution, formation, and morphology of soils. Soil scientists 
need to have a strong background in physical and life sciences, plus a 
foundation in mathematics. They may work for federal or state agencies, 
academia, or the private sector. Their work may involve collecting data, 
carrying out research, interpreting results, inspecting soils, conducting soil 
surveys, and recommending soil management programs. 
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This soil scientist is studying 
the horizons and 
composition of soil at a 
research site. (credit: USDA) 


Many soil scientists work both in an office and in the field. According to 
the United States Department of Agriculture (USDA): “a soil scientist 
needs good observation skills to analyze and determine the characteristics 
of different types of soils. Soil types are complex and the geographical 
areas a soil scientist may survey are varied. Aerial photos or various 
satellite images are often used to research the areas. Computer skills and 
geographic information systems (GIS) help the scientist to analyze the 
multiple facets of geomorphology, topography, vegetation, and climate to 
discover the patterns left on the landscape.”!{2™0t] Soil scientists play a 
key role in understanding the soil’s past, analyzing present conditions, and 
making recommendations for future soil-related practices. 

National Resources Conservation Service / United States Department of 
Agriculture. “Careers in Soil Science.” 
http://soils.usda.gov/education/facts/careers.html 


Section Summary 


Plants obtain mineral nutrients from the soil. Soil is the outer loose layer 
that covers the surface of Earth. Soil quality depends on the chemical 
composition of the soil, the topography, the presence of living organisms, 
the climate, and time. Agricultural practice and history may also modify the 
characteristics and fertility of soil. Soil consists of four major components: 
1) inorganic mineral matter, 2) organic matter, 3) water and air, and 4) 
living matter. The organic material of soil is made of humus, which 
improves soil structure and provides water and minerals. Soil inorganic 
material consists of rock slowly broken down into smaller particles that 
vary in size, such as sand, silt, and loam. 


Soil formation results from a combination of biological, physical, and 
chemical processes. Soil is not homogenous because its formation results in 
the production of layers called a soil profile. Factors that affect soil 
formation include: parent material, climate, topography, biological factors, 
and time. Soils are classified based on their horizons, soil particle size, and 
proportions. Most soils have four distinct horizons: O, A, B, and C. 


Art Connections 


Exercise: 


Problem: 


[link] Soil compaction can result when soil is compressed by heavy 
machinery or even foot traffic. How might this compaction change the 
soil composition? 


Solution: 


[link] The air content of the soil decreases. 


Exercise: 


Problem: 


[link] Which horizon is considered the topsoil, and which is considered 
the subsoil? 


Solution: 


[link] The A horizon is the topsoil, and the B horizon is subsoil. 


Review Questions 


Exercise: 


Problem: Which factors affect soil quality? 


a. chemical composition 

b. history of the soil 

c. presence of living organisms and topography 
d. all of the above 


Solution: 


D 
Exercise: 


Problem: 
Soil particles that are 0.1 to 2 mm in diameter are called 


a. sand 
b. silt 

c. clay 
d. loam 


Solution: 


A 
Exercise: 
Problem: 


A soil consists of layers called that taken together are called 
a 


a. soil profiles : horizon 
b. horizons : soil profile 
c. horizons : humus 

d. humus : soil profile 


Solution: 


B 
Exercise: 
Problem: 


What is the term used to describe the solid rock that lies beneath the 
soil? 


a. sand 

b. bedrock 
c. clay 

d. loam 


Solution: 


B 
Exercise: 


Problem: 


Describe the main differences between a mineral soil and an organic 
soil. 


Solution: 


A mineral soil forms from the weathering of rocks; it is inorganic 
material. An organic soil is formed from sedimentation; it mostly 
consists of humus. 


Exercise: 


Problem: 


Name and briefly explain the factors that affect soil formation. 


Solution: 


Parent material, climate, topography, biological factors, and time affect 
soil formation. Parent material is the material in which soils form. 
Climate describes how temperature, moisture, and wind cause different 
patterns of weathering, influencing the characteristics of the soil. 
Topography affects the characteristics and fertility of a soil. Biological 
factors include the presence of living organisms that greatly affect soil 
formation. Processes such as freezing and thawing may produce cracks 
in rocks; plant roots can penetrate these crevices and produce more 
fragmentation. Time affects soil because soil develops over long 
periods. 


Exercise: 
Problem: 


Describe how topography influences the characteristics and fertility of 
a soil. 


Solution: 
Topography affects water runoff, which strips away parent material 


and affects plant growth. Steeps soils are more prone to erosion and 
may be thinner than soils that are on level surfaces. 


Glossary 


A horizon 
consists of a mixture of organic material with inorganic products of 
weathering 


B horizon 
soil layer that is an accumulation of mostly fine material that has 
moved downward 


bedrock 
solid rock that lies beneath the soil 


C horizon 
layer of soil that contains the parent material, and the organic and 
inorganic material that is broken down to form soil; also known as the 
soil base 


clay 
soil particles that are less than 0.002 mm in diameter 


horizon 
soil layer with distinct physical and chemical properties, which differs 
from other layers depending on how and when it was formed 


humus 
organic material of soil; made up of microorganisms, dead animals and 
plants in varying stages of decay 


loam 
soil that has no dominant particle size 


mineral soil 
type of soil that is formed from the weathering of rocks and inorganic 
material; composed primarily of sand, silt, and clay 


O horizon 


layer of soil with humus at the surface and decomposed vegetation at 
the base 


organic soil 
type of soil that is formed from sedimentation; composed primarily of 
organic material 


parent material 
organic and inorganic material in which soils form 


rhizosphere 
area of soil affected by root secretions and microorganisms 


sand 
soil particles between 0.1—2 mm in diameter 


silt 
soil particles between 0.002 and 0.1 mm in diameter 


soil profile 
vertical section of a soil 


soil 
outer loose layer that covers the surface of Earth 


Nutritional Adaptations of Plants 
By the end of this section, you will be able to: 


e Understand the nutritional adaptations of plants 
e Describe mycorrhizae 
e Explain nitrogen fixation 


Plants obtain food in two different ways. Autotrophic plants can make their 
own food from inorganic raw materials, such as carbon dioxide and water, 
through photosynthesis in the presence of sunlight. Green plants are 
included in this group. Some plants, however, are heterotrophic: they are 
totally parasitic and lacking in chlorophyll. These plants, referred to as 
holo-parasitic plants, are unable to synthesize organic carbon and draw all 
of their nutrients from the host plant. 


Plants may also enlist the help of microbial partners in nutrient acquisition. 
Particular species of bacteria and fungi have evolved along with certain 
plants to create a mutualistic symbiotic relationship with roots. This 
improves the nutrition of both the plant and the microbe. The formation of 
nodules in legume plants and mycorrhization can be considered among the 
nutritional adaptations of plants. However, these are not the only type of 
adaptations that we may find; many plants have other adaptations that allow 
them to thrive under specific conditions. 


Note: 
Link to Learning 


This video reviews basic concepts about photosynthesis. In the left panel, 
click each tab to select a topic for review. 


Nitrogen Fixation: Root and Bacteria Interactions 


Nitrogen is an important macronutrient because it is part of nucleic acids 
and proteins. Atmospheric nitrogen, which is the diatomic molecule N> or 
dinitrogen, is the largest pool of nitrogen in terrestrial ecosystems. 
However, plants cannot take advantage of this nitrogen because they do not 
have the necessary enzymes to convert it into biologically useful forms. 
However, nitrogen can be “fixed,” which means that it can be converted to 
ammonia (NH3) through biological, physical, or chemical processes. As you 
have learned, biological nitrogen fixation (BNF) is the conversion of 
atmospheric nitrogen (N>) into ammonia (NHs3), exclusively carried out by 
prokaryotes such as soil bacteria or cyanobacteria. Biological processes 
contribute 65 percent of the nitrogen used in agriculture. The following 
equation represents the process: 

Equation: 


N.+16ATP + 8e + 8H* > 2NH; + 16 ADP + 16Pi + Hy 


The most important source of BNF is the symbiotic interaction between soil 
bacteria and legume plants, including many crops important to humans 
({link]). The NH3 resulting from fixation can be transported into plant tissue 
and incorporated into amino acids, which are then made into plant proteins. 
Some legume seeds, such as soybeans and peanuts, contain high levels of 
protein, and serve among the most important agricultural sources of protein 
in the world. 


Note: 
Art Connection 


Some common edible legumes—like (a) peanuts, (b) 
beans, and (c) chickpeas—are able to interact 
symbiotically with soil bacteria that fix nitrogen. (credit 
a: modification of work by Jules Clancy; credit b: 
modification of work by USDA) 


Farmers often rotate corn (a cereal crop) and soy beans (a legume), 
planting a field with each crop in alternate seasons. What advantage might 
this crop rotation confer? 


Soil bacteria, collectively called rhizobia, symbiotically interact with 
legume roots to form specialized structures called nodules, in which 
nitrogen fixation takes place. This process entails the reduction of 
atmospheric nitrogen to ammonia, by means of the enzyme nitrogenase. 
Therefore, using rhizobia is a natural and environmentally friendly way to 
fertilize plants, as opposed to chemical fertilization that uses a 
nonrenewable resource, such as natural gas. Through symbiotic nitrogen 
fixation, the plant benefits from using an endless source of nitrogen from 
the atmosphere. The process simultaneously contributes to soil fertility 
because the plant root system leaves behind some of the biologically 
available nitrogen. As in any symbiosis, both organisms benefit from the 
interaction: the plant obtains ammonia, and bacteria obtain carbon 
compounds generated through photosynthesis, as well as a protected niche 
in which to grow ((Link)). 


Rhizobia inside vesicles 


Nitrogen-fixing nodules 


Soybean roots contain (a) nitrogen-fixing nodules. 
Cells within the nodules are infected with 
Bradyrhyzobium japonicum, a rhizobia or “root- 
loving” bacterium. The bacteria are encased in (b) 
vesicles inside the cell, as can be seen in this 
transmission electron micrograph. (credit a: 
modification of work by USDA; credit b: 
modification of work by Louisa Howard, Dartmouth 
Electron Microscope Facility; scale-bar data from 
Matt Russell) 


Mycorrhizae: The Symbiotic Relationship between Fungi and 
Roots 


A nutrient depletion zone can develop when there is rapid soil solution 
uptake, low nutrient concentration, low diffusion rate, or low soil moisture. 
These conditions are very common; therefore, most plants rely on fungi to 
facilitate the uptake of minerals from the soil. Fungi form symbiotic 
associations called mycorrhizae with plant roots, in which the fungi actually 
are integrated into the physical structure of the root. The fungi colonize the 
living root tissue during active plant growth. 


Through mycorrhization, the plant obtains mainly phosphate and other 
minerals, such as zinc and copper, from the soil. The fungus obtains 
nutrients, such as sugars, from the plant root ({link]). Mycorrhizae help 


increase the surface area of the plant root system because hyphae, which are 
narrow, can spread beyond the nutrient depletion zone. Hyphae can grow 
into small soil pores that allow access to phosphorus that would otherwise 
be unavailable to the plant. The beneficial effect on the plant is best 
observed in poor soils. The benefit to fungi is that they can obtain up to 20 
percent of the total carbon accessed by plants. Mycorrhizae functions as a 
physical barrier to pathogens. It also provides an induction of generalized 
host defense mechanisms, and sometimes involves production of antibiotic 
compounds by the fungi. 


Root tips proliferate in the 
presence of mycorrhizal infection, 
which appears as off-white fuzz in 
this image. (credit: modification of 

work by Nilsson et al., BMC 
Bioinformatics 2005) 


There are two types of mycorrhizae: ectomycorrhizae and 
endomycorrhizae. Ectomycorrhizae form an extensive dense sheath around 
the roots, called a mantle. Hyphae from the fungi extend from the mantle 
into the soil, which increases the surface area for water and mineral 
absorption. This type of mycorrhizae is found in forest trees, especially 


conifers, birches, and oaks. Endomycorrhizae, also called arbuscular 
mycorrhizae, do not form a dense sheath over the root. Instead, the fungal 
mycelium is embedded within the root tissue. Endomycorrhizae are found 
in the roots of more than 80 percent of terrestrial plants. 


Nutrients from Other Sources 


Some plants cannot produce their own food and must obtain their nutrition 
from outside sources. This may occur with plants that are parasitic or 
saprophytic. Some plants are mutualistic symbionts, epiphytes, or 
insectivorous. 


Plant Parasites 


A parasitic plant depends on its host for survival. Some parasitic plants 
have no leaves. An example of this is the dodder ({link]), which has a weak, 
cylindrical stem that coils around the host and forms suckers. From these 
suckers, cells invade the host stem and grow to connect with the vascular 
bundles of the host. The parasitic plant obtains water and nutrients through 
these connections. The plant is a total parasite (a holoparasite) because it is 
completely dependent on its host. Other parasitic plants (hemiparasites) are 
fully photosynthetic and only use the host for water and minerals. There are 
about 4,100 species of parasitic plants. 


The dodder is a holoparasite that 
penetrates the host’s vascular 
tissue and diverts nutrients for its 
own growth. Note that the vines of 
the dodder, which has white 
flowers, are beige. The dodder has 
no chlorophyll and cannot produce 
its own food. (credit: 
"Lalithamba"/Flickr) 


Saprophytes 


A saprophyte is a plant that does not have chlorophyll and gets its food 
from dead matter, similar to bacteria and fungi (note that fungi are often 
called saprophytes, which is incorrect, because fungi are not plants). Plants 
like these use enzymes to convert organic food materials into simpler forms 
from which they can absorb nutrients ({link]). Most saprophytes do not 
directly digest dead matter: instead, they parasitize fungi that digest dead 
matter, or are mycorrhizal, ultimately obtaining photosynthate from a 
fungus that derived photosynthate from its host. Saprophytic plants are 
uncommon; only a few species are described. 


Saprophytes, like this Dutchmen’s 
pipe (Monotropa hypopitys), 
obtain their food from dead matter 
and do not have chlorophyll. 
(credit: modification of work by 
Iwona Erskine-Kellie) 


Symbionts 


A symbiont is a plant in a symbiotic relationship, with special adaptations 
such as mycorrhizae or nodule formation. Fungi also form symbiotic 
associations with cyanobacteria and green algae (called lichens). Lichens 
can sometimes be seen as colorful growths on the surface of rocks and trees 
({link]). The algal partner (phycobiont) makes food autotrophically, some of 
which it shares with the fungus; the fungal partner (mycobiont) absorbs 
water and minerals from the environment, which are made available to the 
green alga. If one partner was separated from the other, they would both 
die. 


Lichens, which often have 
symbiotic relationships 
with other plants, can 
sometimes be found 
growing on trees. (credit: 
"benketaro"/Flickr) 


Epiphytes 


An epiphyte is a plant that grows on other plants, but is not dependent upon 
the other plant for nutrition ({link]). Epiphytes have two types of roots: 
clinging aerial roots, which absorb nutrients from humus that accumulates 
in the crevices of trees; and aerial roots, which absorb moisture from the 
atmosphere. 


These epiphyte plants 
grow in the main 
greenhouse of the Jardin 
des Plantes in Paris. 


Insectivorous Plants 


An insectivorous plant has specialized leaves to attract and digest insects. 
The Venus flytrap is popularly known for its insectivorous mode of 
nutrition, and has leaves that work as traps ([link]). The minerals it obtains 
from prey compensate for those lacking in the boggy (low pH) soil of its 
native North Carolina coastal plains. There are three sensitive hairs in the 
center of each half of each leaf. The edges of each leaf are covered with 
long spines. Nectar secreted by the plant attracts flies to the leaf. When a fly 
touches the sensory hairs, the leaf immediately closes. Next, fluids and 
enzymes break down the prey and minerals are absorbed by the leaf. Since 
this plant is popular in the horticultural trade, it is threatened in its original 
habitat. 


A Venus flytrap has specialized 
leaves to trap insects. (credit: 
"Selena N. B. H."/Flickr) 


Section Summary 


Atmospheric nitrogen is the largest pool of available nitrogen in terrestrial 
ecosystems. However, plants cannot use this nitrogen because they do not 
have the necessary enzymes. Biological nitrogen fixation (BNF) is the 
conversion of atmospheric nitrogen to ammonia. The most important source 
of BNF is the symbiotic interaction between soil bacteria and legumes. The 
bacteria form nodules on the legume’s roots in which nitrogen fixation takes 
place. Fungi form symbiotic associations (mycorrhizae) with plants, 
becoming integrated into the physical structure of the root. Through 
mycorrhization, the plant obtains minerals from the soil and the fungus 
obtains photosynthate from the plant root. Ectomycorrhizae form an 
extensive dense sheath around the root, while endomycorrhizae are 
embedded within the root tissue. Some plants—parasites, saprophytes, 
symbionts, epiphytes, and insectivores—have evolved adaptations to obtain 
their organic or mineral nutrition from various sources. 


Art Connections 


Exercise: 


Problem: 


[link] Farmers often rotate corn (a cereal crop) and soy beans (a 
legume) planting a field with each crop in alternate seasons. What 
advantage might this crop rotation confer? 


Solution: 


[link] Soybeans are able to fix nitrogen in their roots, which are not 
harvested at the end of the growing season. The belowground nitrogen 
can be used in the next season by the corn. 


Review Questions 


Exercise: 


Problem: 


Which process produces an inorganic compound that plants can easily 
use? 


a. photosynthesis 
b. nitrogen fixation 
c. mycorrhization 
d. Calvin cycle 


Solution: 


B 
Exercise: 


Problem: 


Through mycorrhization, a plant obtains important nutrients such as 


a. phosphorus, zinc, and copper 
b. phosphorus, zinc, and calcium 
c. nickel, calcium, and zinc 

d. all of the above 


Solution: 


A 
Exercise: 
Problem: 


What term describes a plant that requires nutrition from a living host 
plant? 


a. parasite 

b. saprophyte 

c. epiphyte 

d. insectivorous 


Solution: 


A 
Exercise: 
Problem: 


What is the term for the symbiotic association between fungi and 
cyanobacteria? 


a. lichen 

b. mycorrhizae 

c. epiphyte 

d. nitrogen-fixing nodule 


Solution: 


A 


Free Response 


Exercise: 


Problem: 


Why is biological nitrogen fixation an environmentally friendly way of 
fertilizing plants? 


Solution: 


Because it is natural and does not require use of a nonrenewable 
resource, such as natural gas. 

Exercise: 
Problem: 


What is the main difference, from an energy point of view, between 
photosynthesis and biological nitrogen fixation? 


Solution: 


Photosynthesis harvests and stores energy, whereas biological nitrogen 
fixation requires energy. 


Exercise: 
Problem: Why is a root nodule a nutritional adaptation of a plant? 
Solution: 
A nodule results from the symbiosis between a plant and bacterium. 


Within nodules, the process of nitrogen fixation allows the plant to 
obtain nitrogen from the air. 


Glossary 


epiphyte 
plant that grows on other plants but is not dependent upon other plants 
for nutrition 


insectivorous plant 
plant that has specialized leaves to attract and digest insects 


nitrogenase 
enzyme that is responsible for the reduction of atmospheric nitrogen to 
ammonia 


nodules 
specialized structures that contain Rhizobia bacteria where nitrogen 
fixation takes place 


parasitic plant 
plant that is dependent on its host for survival 


rhizobia 
soil bacteria that symbiotically interact with legume roots to form 
nodules and fix nitrogen 


saprophyte 
plant that does not have chlorophyll and gets its food from dead matter 


symbiont 
plant in a symbiotic relationship with bacteria or fungi 


Introduction 
class="introduction" 


Plants that reproduce 
sexually often achieve 
fertilization with the 
help of pollinators such 
as (a) bees, (b) birds, 
and (c) butterflies. 
(credit a: modification 
of work by John 
Severns; credit b: 
modification of work by 
Charles J. Sharp; credit 
c: modification of work 
by 
"Galawebdesign"/Flickr 


Plants have evolved different reproductive strategies for the continuation of 
their species. Some plants reproduce sexually, and others asexually, in 
contrast to animal species, which rely almost exclusively on sexual 
reproduction. Plant sexual reproduction usually depends on pollinating 
agents, while asexual reproduction is independent of these agents. Flowers 
are often the showiest or most strongly scented part of plants. With their 
bright colors, fragrances, and interesting shapes and sizes, flowers attract 


insects, birds, and animals to serve their pollination needs. Other plants 
pollinate via wind or water; still others self-pollinate. 


Reproductive Development and Structure 
By the end of this section, you will be able to: 


¢ Describe the two stages of a plant’s lifecycle 

¢ Compare and contrast male and female gametophytes and explain how 
they form in angiosperms 

e Describe the reproductive structures of a plant 

e Describe the components of a complete flower 

¢ Describe the development of microsporangium and megasporangium 
in gymnosperms 


Sexual reproduction takes place with slight variations in different groups of 
plants. Plants have two distinct stages in their lifecycle: the gametophyte 
stage and the sporophyte stage. The haploid gametophyte produces the 
male and female gametes by mitosis in distinct multicellular structures. 
Fusion of the male and females gametes forms the diploid zygote, which 
develops into the sporophyte. After reaching maturity, the diploid 
sporophyte produces spores by meiosis, which in turn divide by mitosis to 
produce the haploid gametophyte. The new gametophyte produces gametes, 
and the cycle continues. This is the alternation of generations, and is typical 
of plant reproduction ({link]). 


The alternation of generations in angiosperms 
is depicted in this diagram. (credit: 
modification of work by Peter Coxhead) 


The life cycle of higher plants is dominated by the sporophyte stage, with 
the gametophyte borne on the sporophyte. In ferns, the gametophyte is free- 


living and very distinct in structure from the diploid sporophyte. In 
bryophytes, such as mosses, the haploid gametophyte is more developed 
than the sporophyte. 


During the vegetative phase of growth, plants increase in size and produce a 
shoot system and a root system. As they enter the reproductive phase, some 
of the branches start to bear flowers. Many flowers are borne singly, 
whereas some are borne in clusters. The flower is borne on a stalk known as 
a receptacle. Flower shape, color, and size are unique to each species, and 
are often used by taxonomists to classify plants. 


Sexual Reproduction in Angiosperms 


The lifecycle of angiosperms follows the alternation of generations 
explained previously. The haploid gametophyte alternates with the diploid 
sporophyte during the sexual reproduction process of angiosperms. Flowers 
contain the plant’s reproductive structures. 


Flower Structure 


A typical flower has four main parts—or whorls—known as the calyx, 
corolla, androecium, and gynoecium ([link]). The outermost whorl of the 
flower has green, leafy structures known as sepals. The sepals, collectively 
called the calyx, help to protect the unopened bud. The second whorl is 
comprised of petals—usually, brightly colored—collectively called the 
corolla. The number of sepals and petals varies depending on whether the 
plant is a monocot or dicot. In monocots, petals usually number three or 
multiples of three; in dicots, the number of petals is four or five, or 
multiples of four and five. Together, the calyx and corolla are known as the 
perianth. The third whorl contains the male reproductive structures and is 
known as the androecium. The androecium has stamens with anthers that 
contain the microsporangia. The innermost group of structures in the flower 
is the gynoecium, or the female reproductive component(s). The carpel is 
the individual unit of the gynoecium and has a stigma, style, and ovary. A 
flower may have one or multiple carpels. 


Note: 
Art Connection 


Androecium 


Petal 


Perianth 
Corolla (composed of petals) 
Calyx (composed of sepals) 


Androecium (stamens) 


Gynoecium (carpels) 
Pollen grain 
Microsporangia 


Stigma 


Style 


Ovules 
(megasporangia) 


The four main parts of the flower are the 
calyx, corolla, androecium, and 
gynoecium. The androecium is the sum of 
all the male reproductive organs, and the 
gynoecium is the sum of the female 
reproductive organs. (credit: modification 
of work by Mariana Ruiz Villareal) 


If the anther is missing, what type of reproductive structure will the flower 
be unable to produce? What term is used to describe an incomplete flower 
lacking the androecium? What term describes an incomplete flower 


lacking a gynoecium? 


If all four whorls (the calyx, corolla, androecium, and gynoecium) are 
present, the flower is described as complete. If any of the four parts is 
missing, the flower is known as incomplete. Flowers that contain both an 
androecium and a gynoecium are called perfect, androgynous or 
hermaphrodites. There are two types of incomplete flowers: staminate 
flowers contain only an androecium, and carpellate flowers have only a 
gynoecium ([link]). 


Staminate Carpellate 
flowers flowers 


Stem Corn Silk Ovary 
and root kernels _—_ (stigma) 


The corn plant has both staminate 
(male) and carpellate (female) 
flowers. Staminate flowers, which 
are clustered in the tassel at the tip 
of the stem, produce pollen grains. 
Carpellate flower are clustered in 


the immature ears. Each strand of 

silk is a stigma. The corn kernels 

are seeds that develop on the ear 

after fertilization. Also shown is 
the lower stem and root. 


If both male and female flowers are borne on the same plant, the species is 
called monoecious (meaning “one home”): examples are corn and pea. 
Species with male and female flowers borne on separate plants are termed 
dioecious, or “two homes,” examples of which are C. papaya and 
Cannabis. The ovary, which may contain one or multiple ovules, may be 
placed above other flower parts, which is referred to as superior; or, it may 
be placed below the other flower parts, referred to as inferior ({link]). 


Petals 


Sepals 


Gynoecium 


(a) Superior flower (b) Inferior flower 


The (a) lily is a superior flower, which has the 
ovary above the other flower parts. (b) Fuchsia 
is an inferior flower, which has the ovary 
beneath other flower parts. (credit a photo: 
modification of work by Benjamin Zwittnig; 
credit b photo: modification of work by 
"Koshy Koshy"/Flickr) 


Male Gametophyte (The Pollen Grain) 


The male gametophyte develops and reaches maturity in an immature 
anther. In a plant’s male reproductive organs, development of pollen takes 


place in a structure known as the microsporangium ([link]). The 
microsporangia, which are usually bi-lobed, are pollen sacs in which the 
microspores develop into pollen grains. These are found in the anther, 
which is at the end of the stamen—the long filament that supports the 
anther. 


Microspore 
mother cells 


Tapetum 


Pollensacs — 
(microsporangia) 


Shown is (a) a cross section of an anther at two 
developmental stages. The immature anther 
(top) contains four microsporangia, or pollen 
sacs. Each microsporangium contains hundreds 
of microspore mother cells that will each give 
rise to four pollen grains. The tapetum supports 
the development and maturation of the pollen 
grains. Upon maturation of the pollen 
(bottom), the pollen sac walls split open and 
the pollen grains (male gametophytes) are 
released. (b) In these scanning electron 
micrographs, pollen sacs are ready to burst, 
releasing their grains. (credit b: modification of 
work by Robert R. Wise; scale-bar data from 
Matt Russell) 


Within the microsporangium, the microspore mother cell divides by meiosis 
to give rise to four microspores, each of which will ultimately form a pollen 
grain ([link]). An inner layer of cells, known as the tapetum, provides 
nutrition to the developing microspores and contributes key components to 
the pollen wall. Mature pollen grains contain two cells: a generative cell 
and a pollen tube cell. The generative cell is contained within the larger 
pollen tube cell. Upon germination, the tube cell forms the pollen tube 
through which the generative cell migrates to enter the ovary. During its 
transit inside the pollen tube, the generative cell divides to form two male 
gametes (sperm cells). Upon maturity, the microsporangia burst, releasing 
the pollen grains from the anther. 


Microspore 
mother cell 


Pollen 
tube cell 


Mature 
pollen 
grains 


nucleus 


Pollen develops from the microspore 
mother cells. The mature pollen grain is 
composed of two cells: the pollen tube 
cell and the generative cell, which is 
inside the tube cell. The pollen grain has 
two coverings: an inner layer (intine) and 
an outer layer (exine). The inset scanning 
electron micrograph shows Arabidopsis 
lyrata pollen grains. (credit “pollen 
micrograph”: modification of work by 
Robert R. Wise; scale-bar data from Matt 
Russell) 


Each pollen grain has two coverings: the exine (thicker, outer layer) and the 
intine ({link]). The exine contains sporopollenin, a complex waterproofing 
substance supplied by the tapetal cells. Sporopollenin allows the pollen to 
survive under unfavorable conditions and to be carried by wind, water, or 
biological agents without undergoing damage. 


Female Gametophyte (The Embryo Sac) 


While the details may vary between species, the overall development of the 
female gametophyte has two distinct phases. First, in the process of 
megasporogenesis, a single cell in the diploid megasporangium—an area 
of tissue in the ovules—undergoes meiosis to produce four megaspores, 
only one of which survives. During the second phase, megagametogenesis, 
the surviving haploid megaspore undergoes mitosis to produce an eight- 
nucleate, seven-cell female gametophyte, also known as the 
megagametophyte or embryo sac. Two of the nuclei—the polar nuclei— 
move to the equator and fuse, forming a single, diploid central cell. This 
central cell later fuses with a sperm to form the triploid endosperm. Three 
nuclei position themselves on the end of the embryo sac opposite the 
micropyle and develop into the antipodal cells, which later degenerate. The 
nucleus closest to the micropyle becomes the female gamete, or egg cell, 
and the two adjacent nuclei develop into synergid cells ({link]). The 
synergids help guide the pollen tube for successful fertilization, after which 
they disintegrate. Once fertilization is complete, the resulting diploid zygote 
develops into the embryo, and the fertilized ovule forms the other tissues of 
the seed. 


A double-layered integument protects the megasporangium and, later, the 
embryo sac. The integument will develop into the seed coat after 
fertilization and protect the entire seed. The ovule wall will become part of 
the fruit. The integuments, while protecting the megasporangium, do not 
enclose it completely, but leave an opening called the micropyle. The 


micropyle allows the pollen tube to enter the female gametophyte for 
fertilization. 


Note: 


Art Connection 
Embryo Sac 


Chalazal end 


Antipodals 


 ) 


Polar nuclei 


Synergids 


Central Egg cell 


cell 


Micropylar end 


As shown in this diagram of 
the embryo sac in 
angiosperms, the ovule is 
covered by integuments and 
has an opening called a 
micropyle. Inside the 
embryo sac are three 
antipodal cells, two 
synergids, a central cell, and 
the egg cell. 


An embryo sac is missing the synergids. What specific impact would you 
expect this to have on fertilization? 


a. The pollen tube will be unable to form. 
b. The pollen tube will form but will not be guided toward the egg. 


c. Fertilization will not occur because the synergid is the egg. 
d. Fertilization will occur but the embryo will not be able to grow. 


Sexual Reproduction in Gymnosperms 


As with angiosperms, the lifecycle of a gymnosperm is also characterized 
by alternation of generations. In conifers such as pines, the green leafy part 
of the plant is the sporophyte, and the cones contain the male and female 
gametophytes ([link]). The female cones are larger than the male cones and 
are positioned towards the top of the tree; the small, male cones are located 
in the lower region of the tree. Because the pollen is shed and blown by the 
wind, this arrangement makes it difficult for a gymnosperm to self- 
pollinate. 


Female cones grow in the 
upper branches where they 
may be fertilized by pollen 
blown on the wind from the 
male cones. 


Male cones grow in the 
lower branches. 


Female cone 


Sporophyte (2n) 
(mature tree) os 
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oP Md Scale 
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(1n) 
C2 a) Generative (sperm) 
nuclei (1n) nucleus 
Seeds are dispersed A pollen tube forms, allowing the pollen to 
and grow into migrate toward the female gametophyte. 
mature trees. Upon fertilization, a diploid zygote forms. 


Male cone 


This image shows the life cycle of a conifer. Pollen 
from male cones blows up into upper branches, where 


it fertilizes female cones. Examples are shown of 
female and male cones. (credit “female”: modification 
of work by “Geographer”/Wikimedia Commons; 
credit “male”: modification of work by Roger 
Griffith) 


Male Gametophyte 


A male cone has a central axis on which bracts, a type of modified leaf, are 
attached. The bracts are known as microsporophylls ({link]) and are the 
sites where microspores will develop. The microspores develop inside the 
microsporangium. Within the microsporangium, cells known as 
microsporocytes divide by meiosis to produce four haploid microspores. 
Further mitosis of the microspore produces two nuclei: the generative 
nucleus, and the tube nucleus. Upon maturity, the male gametophyte 
(pollen) is released from the male cones and is carried by the wind to land 
on the female cone. 


Note: 
Link to Learning 
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Watch this video to see a cedar releasing its pollen in the wind. 
https://www.openstaxcollege.org/I/pollen_ release 


Female Gametophyte 


The female cone also has a central axis on which bracts known as 
megasporophylls ((link]) are present. In the female cone, megaspore 
mother cells are present in the megasporangium. The megaspore mother 
cell divides by meiosis to produce four haploid megaspores. One of the 
megaspores divides to form the multicellular female gametophyte, while the 
others divide to form the rest of the structure. The female gametophyte is 
contained within a structure called the archegonium. 


Microsporophyll 


(a) (b) (c) 


Megasporophyll 


Micropyle Pollen grain 


These series of micrographs shows male and female 
gymnosperm gametophytes. (a) This male cone, 
shown in cross section, has approximately 20 
microsporophylls, each of which produces hundreds 
of male gametophytes (pollen grains). (b) Pollen 
grains are visible in this single microsporophyll. (c) 
This micrograph shows an individual pollen grain. (d) 


This cross section of a female cone shows portions of 
about 15 megasporophylls. (e) The ovule can be seen 
in this single megasporophyll. (f) Within this single 
ovule are the megaspore mother cell (MMC), 
micropyle, and a pollen grain. (credit: modification of 
work by Robert R. Wise; scale-bar data from Matt 
Russell) 


Reproductive Process 


Upon landing on the female cone, the tube cell of the pollen forms the 
pollen tube, through which the generative cell migrates towards the female 
gametophyte through the micropyle. It takes approximately one year for the 
pollen tube to grow and migrate towards the female gametophyte. The male 
gametophyte containing the generative cell splits into two sperm nuclei, one 
of which fuses with the egg, while the other degenerates. After fertilization 
of the egg, the diploid zygote is formed, which divides by mitosis to form 
the embryo. The scales of the cones are closed during development of the 
seed. The seed is covered by a seed coat, which is derived from the female 
sporophyte. Seed development takes another one to two years. Once the 
seed is ready to be dispersed, the bracts of the female cones open to allow 
the dispersal of seed; no fruit formation takes place because gymnosperm 
seeds have no covering. 


Angiosperms versus Gymnosperms 


Gymnosperm reproduction differs from that of angiosperms in several ways 
({link]). In angiosperms, the female gametophyte exists in an enclosed 
structure—the ovule—which is within the ovary; in gymnosperms, the 
female gametophyte is present on exposed bracts of the female cone. 
Double fertilization is a key event in the lifecycle of angiosperms, but is 
completely absent in gymnosperms. The male and female gametophyte 
structures are present on separate male and female cones in gymnosperms, 


whereas in angiosperms, they are a part of the flower. Lastly, wind plays an 
important role in pollination in gymnosperms because pollen is blown by 
the wind to land on the female cones. Although many angiosperms are also 
wind-pollinated, animal pollination is more common. 


(a) Angiosperms are flowering plants, and 
include grasses, herbs, shrubs and most 
deciduous trees, while (b) gymnosperms are 
conifers. Both produce seeds but have different 
reproductive strategies. (credit a: modification 
of work by Wendy Cutler; credit b: 
modification of work by Lews Castle UHI) 


Note: 
Link to Learning 
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View an animation of the double fertilization process of angiosperms. 
https://www.openstaxcollege.org/l/angiosperms 


Section Summary 


The flower contains the reproductive structures of a plant. All complete 
flowers contain four whorls: the calyx, corolla, androecium, and 
gynoecium. The stamens are made up of anthers, in which pollen grains are 
produced, and a supportive strand called the filament. The pollen contains 
two cells— a generative cell and a tube cell—and is covered by two layers 
called the intine and the exine. The carpels, which are the female 
reproductive structures, consist of the stigma, style, and ovary. The female 
gametophyte is formed from mitotic divisions of the megaspore, forming an 
eight-nuclei ovule sac. This is covered by a layer known as the integument. 
The integument contains an opening called the micropyle, through which 
the pollen tube enters the embryo sac. 


The diploid sporophyte of angiosperms and gymnosperms is the 
conspicuous and long-lived stage of the life cycle. The sporophytes 
differentiate specialized reproductive structures called sporangia, which are 
dedicated to the production of spores. The microsporangium contains 
microspore mother cells, which divide by meiosis to produce haploid 
microspores. The microspores develop into male gametophytes that are 
released as pollen. The megasporangium contains megaspore mother cells, 
which divide by meiosis to produce haploid megaspores. A megaspore 
develops into a female gametophyte containing a haploid egg. A new 
diploid sporophyte is formed when a male gamete from a pollen grain 
enters the ovule sac and fertilizes this egg. 


Art Connections 


Exercise: 
Problem: 
[link] If the anther is missing, what type of reproductive structure will 
the flower be unable to produce? What term is used to describe a 


flower that is normally lacking the androecium? What term describes a 
flower lacking a gynoecium? 


Solution: 


[link] Pollen (or sperm); carpellate; staminate. 
Exercise: 


Problem: 


[link] An embryo sac is missing the synergids. What specific impact 
would you expect this to have on fertilization? 


a. The pollen tube will be unable to form. 
b. The pollen tube will form but will not be guided toward the egg. 


c. Fertilization will not occur because the synergid is the egg. 
d. Fertilization will occur but the embryo will not be able to grow. 


Solution: 
[link] B: The pollen tube will form but will not be guided toward the 
egg, 

Review Questions 


Exercise: 


Problem: 


In a plant’s male reproductive organs, development of pollen takes 
place in a structure known as the 


a. stamen 

b. microsporangium 
c. anther 

d. tapetum 


Solution: 


B 
Exercise: 


Problem: 


The stamen consists of a long stalk called the filament that supports 
the 


a. stigma 
b. sepal 
c. style 
d. anther 


Solution: 


D 


Exercise: 


Problem: The are collectively called the calyx. 


a. sepals 
b. petals 
c. tepals 


d. stamens 


Solution: 


A 


Exercise: 


Problem: The pollen lands on which part of the flower? 


a. stigma 

b. style 

c. ovule 

d. integument 


Solution: 


A 


Free Response 


Exercise: 


Problem: Describe the reproductive organs inside a flower. 


Solution: 


Inside the flower are the reproductive organs of the plant. The stamen 
is the male reproductive organ. Pollen is produced in the stamen. The 
carpel is the female reproductive organ. The ovary is the swollen base 
of the carpel where ovules are found. Not all flowers have every one of 
the four parts. 


Exercise: 


Problem: 


Describe the two-stage lifecycle of plants: the gametophyte stage and 
the sporophyte stage. 


Solution: 


Plants have two distinct phases in their lifecycle: the gametophyte 
stage and the sporophyte stage. In the gametophyte stage, when 
reproductive cells undergo meiosis and produce haploid cells called 
spores, the gametophyte stage begins. Spores divide by cell division to 
form plant structures of an entirely new plant. The cells in these 
structures or plants are haploid. Some of these cells undergo cell 
division and form sex cells. Fertilization, the joining of haploid sex 
cells, begins the sporophyte stage. Cells formed in this stage have the 
diploid number of chromosomes. Meiosis in some of these cells forms 
spores, and the cycle begins again: a process known as alternation of 
generations. 


Exercise: 


Problem: Describe the four main parts, or whorls, of a flower. 
Solution: 


A typical flower has four main parts, or whorls: the calyx, corolla, 
androecium, and gynoecium. The outermost whorl of the flower has 
green, leafy structures known as sepals, which are collectively called 
the calyx. It helps to protect the unopened bud. The second whorl is 
made up of brightly colored petals that are known collectively as the 
corolla. The third whorl is the male reproductive structure known as 
the androecium. The androecium has stamens, which have anthers on a 
stalk or filament. Pollen grains are borne on the anthers. The 
gynoecium is the female reproductive structure. The carpel is the 
individual structure of the gynoecium and has a stigma, the stalk or 
style, and the ovary. 


Exercise: 


Problem: 


Discuss the differences between a complete flower and an incomplete 
flower. 


Solution: 


If all four whorls of a flower are present, it is a complete flower. If any 
of the four parts is missing, it is known as incomplete. Flowers that 
contain both an androecium and gynoecium are called androgynous or 
hermaphrodites. Those that contain only an androecium are known as 
Staminate flowers, and those that have only carpels are known as 
carpellate. If both male and female flowers are borne on the same 
plant, it is called monoecious, while plants with male and female 
flowers on separate plants are termed dioecious. 


Glossary 


androecium 
sum of all the stamens in a flower 


antipodals 
the three cells away from the micropyle 


exine 
outermost covering of pollen 


gametophyte 
multicellular stage of the plant that gives rise to haploid gametes or 
spores 


gynoecium 

the sum of all the carpels in a flower 
intine 

inner lining of the pollen 


megagametogenesis 
second phase of female gametophyte development, during which the 
surviving haploid megaspore undergoes mitosis to produce an eight- 
nucleate, seven-cell female gametophyte, also known as the 
megagametophyte or embryo sac. 


megasporangium 
tissue found in the ovary that gives rise to the female gamete or egg 


megasporogenesis 
first phase of female gametophyte development, during which a single 
cell in the diploid megasporangium undergoes meiosis to produce four 
megaspores, only one of which survives 


megasporophyll 
bract (a type of modified leaf) on the central axis of a female 
gametophyte 


micropyle 
opening on the ovule sac through which the pollen tube can gain entry 


microsporangium 
tissue that gives rise to the microspores or the pollen grain 


microsporophyll 
central axis of a male cone on which bracts (a type of modified leaf) 
are attached 


perianth 
(also, petal or sepal) part of the flower consisting of the calyx and/or 
corolla; forms the outer envelope of the flower 


polar nuclei 
found in the ovule sac; fusion with one sperm cell forms the 


endosperm 


sporophyte 


multicellular diploid stage in plants that is formed after the fusion of 
male and female gametes 


synergid 
type of cell found in the ovule sac that secretes chemicals to guide the 
pollen tube towards the egg 


Pollination and Fertilization 
By the end of this section, you will be able to: 


¢ Describe what must occur for plant fertilization 

e Explain cross-pollination and the ways in which it takes place 
e Describe the process that leads to the development of a seed 

e Define double fertilization 


In angiosperms, pollination is defined as the placement or transfer of 
pollen from the anther to the stigma of the same flower or another flower. In 
gymnosperms, pollination involves pollen transfer from the male cone to 
the female cone. Upon transfer, the pollen germinates to form the pollen 
tube and the sperm for fertilizing the egg. Pollination has been well studied 
since the time of Gregor Mendel. Mendel successfully carried out self- as 
well as cross-pollination in garden peas while studying how characteristics 
were passed on from one generation to the next. Today’s crops are a result 
of plant breeding, which employs artificial selection to produce the present- 
day cultivars. A case in point is today's corn, which is a result of years of 
breeding that started with its ancestor, teosinte. The teosinte that the ancient 
Mayans originally began cultivating had tiny seeds—vastly different from 
today’s relatively giant ears of corn. Interestingly, though these two plants 
appear to be entirely different, the genetic difference between them is 
miniscule. 


Pollination takes two forms: self-pollination and cross-pollination. Self- 
pollination occurs when the pollen from the anther is deposited on the 
stigma of the same flower, or another flower on the same plant. Cross- 
pollination is the transfer of pollen from the anther of one flower to the 
stigma of another flower on a different individual of the same species. Self- 
pollination occurs in flowers where the stamen and carpel mature at the 
same time, and are positioned so that the pollen can land on the flower’s 
stigma. This method of pollination does not require an investment from the 
plant to provide nectar and pollen as food for pollinators. 


Note: 
Link to Learning 
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Explore this interactive website to review self-pollination and cross- 
pollination. 


Living species are designed to ensure survival of their progeny; those that 
fail become extinct. Genetic diversity is therefore required so that in 
changing environmental or stress conditions, some of the progeny can 
survive. Self-pollination leads to the production of plants with less genetic 
diversity, since genetic material from the same plant is used to form 
gametes, and eventually, the zygote. In contrast, cross-pollination—or out- 
crossing—leads to greater genetic diversity because the microgametophyte 
and megagametophyte are derived from different plants. 


Because cross-pollination allows for more genetic diversity, plants have 
developed many ways to avoid self-pollination. In some species, the pollen 
and the ovary mature at different times. These flowers make self-pollination 
nearly impossible. By the time pollen matures and has been shed, the 
stigma of this flower is mature and can only be pollinated by pollen from 
another flower. Some flowers have developed physical features that prevent 
self-pollination. The primrose is one such flower. Primroses have evolved 
two flower types with differences in anther and stigma length: the pin-eyed 
flower has anthers positioned at the pollen tube’s halfway point, and the 
thrum-eyed flower’s stigma is likewise located at the halfway point. Insects 
easily cross-pollinate while seeking the nectar at the bottom of the pollen 
tube. This phenomenon is also known as heterostyly. Many plants, such as 
cucumber, have male and female flowers located on different parts of the 
plant, thus making self-pollination difficult. In yet other species, the male 
and female flowers are borne on different plants (dioecious). All of these 
are barriers to self-pollination; therefore, the plants depend on pollinators to 
transfer pollen. The majority of pollinators are biotic agents such as insects 


(like bees, flies, and butterflies), bats, birds, and other animals. Other plant 
species are pollinated by abiotic agents, such as wind and water. 


Note: 

Everyday Connection 

Incompatibility Genes in Flowers 

In recent decades, incompatibility genes—which prevent pollen from 
germinating or growing into the stigma of a flower—have been discovered 
in many angiosperm species. If plants do not have compatible genes, the 
pollen tube stops growing. Self-incompatibility is controlled by the 

S (sterility) locus. Pollen tubes have to grow through the tissue of the 
stigma and style before they can enter the ovule. The carpel is selective in 
the type of pollen it allows to grow inside. The interaction is primarily 
between the pollen and the stigma epidermal cells. In some plants, like 
cabbage, the pollen is rejected at the surface of the stigma, and the 
unwanted pollen does not germinate. In other plants, pollen tube 
germination is arrested after growing one-third the length of the style, 
leading to pollen tube death. Pollen tube death is due either to apoptosis 
(programmed cell death) or to degradation of pollen tube RNA. The 
degradation results from the activity of a ribonuclease encoded by the S 
locus. The ribonuclease is secreted from the cells of the style in the 
extracellular matrix, which lies alongside the growing pollen tube. 

In summary, self-incompatibility is a mechanism that prevents self- 
fertilization in many flowering plant species. The working of this self- 
incompatibility mechanism has important consequences for plant breeders 
because it inhibits the production of inbred and hybrid plants. 


Pollination by Insects 


Bees are perhaps the most important pollinator of many garden plants and 
most commercial fruit trees (({link]). The most common species of bees are 
bumblebees and honeybees. Since bees cannot see the color red, bee- 
pollinated flowers usually have shades of blue, yellow, or other colors. Bees 
collect energy-rich pollen or nectar for their survival and energy needs. 


They visit flowers that are open during the day, are brightly colored, have a 
strong aroma or scent, and have a tubular shape, typically with the presence 
of a nectar guide. A nectar guide includes regions on the flower petals that 
are visible only to bees, and not to humans; it helps to guide bees to the 
center of the flower, thus making the pollination process more efficient. The 
pollen sticks to the bees’ fuzzy hair, and when the bee visits another flower, 
some of the pollen is transferred to the second flower. Recently, there have 
been many reports about the declining population of honeybees. Many 
flowers will remain unpollinated and not bear seed if honeybees disappear. 
The impact on commercial fruit growers could be devastating. 


a 


Insects, such as bees, are 
important agents of pollination. 
(credit: modification of work by 

Jon Sullivan) 


Many flies are attracted to flowers that have a decaying smell or an odor of 
rotting flesh. These flowers, which produce nectar, usually have dull colors, 
such as brown or purple. They are found on the corpse flower or voodoo 
lily (Amorphophallus), dragon arum (Dracunculus), and carrion flower 
(Stapleia, Rafflesia). The nectar provides energy, whereas the pollen 


provides protein. Wasps are also important insect pollinators, and pollinate 
many species of figs. 


Butterflies, such as the monarch, pollinate many garden flowers and 
wildflowers, which usually occur in clusters. These flowers are brightly 
colored, have a strong fragrance, are open during the day, and have nectar 
guides to make access to nectar easier. The pollen is picked up and carried 
on the butterfly’s limbs. Moths, on the other hand, pollinate flowers during 
the late afternoon and night. The flowers pollinated by moths are pale or 
white and are flat, enabling the moths to land. One well-studied example of 
a moth-pollinated plant is the yucca plant, which is pollinated by the yucca 
moth. The shape of the flower and moth have adapted in such a way as to 
allow successful pollination. The moth deposits pollen on the sticky stigma 
for fertilization to occur later. The female moth also deposits eggs into the 
ovary. As the eggs develop into larvae, they obtain food from the flower 
and developing seeds. Thus, both the insect and flower benefit from each 
other in this symbiotic relationship. The corn earworm moth and Gaura 
plant have a similar relationship ((link]). 


A corn earworm sips nectar from a 
night-blooming Gaura plant. 
(credit: Juan Lopez, USDA ARS) 


Pollination by Bats 


In the tropics and deserts, bats are often the pollinators of nocturnal flowers 
such as agave, guava, and morning glory. The flowers are usually large and 
white or pale-colored; thus, they can be distinguished from the dark 
surroundings at night. The flowers have a strong, fruity, or musky fragrance 
and produce large amounts of nectar. They are naturally large and wide- 
mouthed to accommodate the head of the bat. As the bats seek the nectar, 
their faces and heads become covered with pollen, which is then transferred 
to the next flower. 


Pollination by Birds 


Many species of small birds, such as the hummingbird ([link]) and sun 
birds, are pollinators for plants such as orchids and other wildflowers. 
Flowers visited by birds are usually sturdy and are oriented in such a way as 
to allow the birds to stay near the flower without getting their wings 
entangled in the nearby flowers. The flower typically has a curved, tubular 
shape, which allows access for the bird’s beak. Brightly colored, odorless 
flowers that are open during the day are pollinated by birds. As a bird seeks 
energy-rich nectar, pollen is deposited on the bird’s head and neck and is 
then transferred to the next flower it visits. Botanists have been known to 
determine the range of extinct plants by collecting and identifying pollen 
from 200-year-old bird specimens from the same site. 


Hummingbirds have adaptations 
that allow them to reach the nectar 
of certain tubular flowers. (credit: 

Lori Branham) 


Pollination by Wind 


Most species of conifers, and many angiosperms, such as grasses, maples 
and oaks, are pollinated by wind. Pine cones are brown and unscented, 
while the flowers of wind-pollinated angiosperm species are usually green, 
small, may have small or no petals, and produce large amounts of pollen. 
Unlike the typical insect-pollinated flowers, flowers adapted to pollination 
by wind do not produce nectar or scent. In wind-pollinated species, the 
microsporangia hang out of the flower, and, as the wind blows, the 
lightweight pollen is carried with it ([link]). The flowers usually emerge 
early in the spring, before the leaves, so that the leaves do not block the 
movement of the wind. The pollen is deposited on the exposed feathery 
stigma of the flower ((link]). 


A person knocks pollen from a 
pine tree. 


These male (a) and female (b) catkins are from the goat 

willow tree (Salix caprea). Note how both structures are 

light and feathery to better disperse and catch the wind- 
blown pollen. 


Pollination by Water 


Some weeds, such as Australian sea grass and pond weeds, are pollinated 
by water. The pollen floats on water, and when it comes into contact with 
the flower, it is deposited inside the flower. 


Note: 

Evolution Connection 

Pollination by Deception 

Orchids are highly valued flowers, with many rare varieties ([link]). They 
grow in a range of specific habitats, mainly in the tropics of Asia, South 
America, and Central America. At least 25,000 species of orchids have 
been identified. 


Certain orchids use food deception 
or sexual deception to attract 
pollinators. Shown here is a bee 
orchid (Ophrys apifera). (credit: 
David Evans) 


Flowers often attract pollinators with food rewards, in the form of nectar. 
However, some species of orchid are an exception to this standard: they 
have evolved different ways to attract the desired pollinators. They use a 
method known as food deception, in which bright colors and perfumes are 
offered, but no food. Anacamptis morio, commonly known as the green- 
winged orchid, bears bright purple flowers and emits a strong scent. The 
bumblebee, its main pollinator, is attracted to the flower because of the 
strong scent—which usually indicates food for a bee—and in the process, 
picks up the pollen to be transported to another flower. 

Other orchids use sexual deception. Chiloglottis trapeziformis emits a 
compound that smells the same as the pheromone emitted by a female 
wasp to attract male wasps. The male wasp is attracted to the scent, lands 
on the orchid flower, and in the process, transfers pollen. Some orchids, 
like the Australian hammer orchid, use scent as well as visual trickery in 
yet another sexual deception strategy to attract wasps. The flower of this 
orchid mimics the appearance of a female wasp and emits a pheromone. 
The male wasp tries to mate with what appears to be a female wasp, and in 
the process, picks up pollen, which it then transfers to the next counterfeit 
mate. 


Double Fertilization 


After pollen is deposited on the stigma, it must germinate and grow through 
the style to reach the ovule. The microspores, or the pollen, contain two 
cells: the pollen tube cell and the generative cell. The pollen tube cell grows 
into a pollen tube through which the generative cell travels. The 
germination of the pollen tube requires water, oxygen, and certain chemical 
signals. As it travels through the style to reach the embryo sac, the pollen 
tube’s growth is supported by the tissues of the style. In the meantime, if the 
generative cell has not already split into two cells, it now divides to form 
two sperm cells. The pollen tube is guided by the chemicals secreted by the 
synergids present in the embryo sac, and it enters the ovule sac through the 
micropyle. Of the two sperm cells, one sperm fertilizes the egg cell, 
forming a diploid zygote; the other sperm fuses with the two polar nuclei, 


forming a triploid cell that develops into the endosperm. Together, these 
two fertilization events in angiosperms are known as double fertilization 
({link]). After fertilization is complete, no other sperm can enter. The 
fertilized ovule forms the seed, whereas the tissues of the ovary become the 
fruit, usually enveloping the seed. 


Pollen grain Micropyle 


Egg 


Stigma 
9 Pollen tube 
Polar 


Sperm , 
nuclei 


Style Synergids 
Egg 


Polar 
nuclei 


Sperm 
nuclei 


Ovules 


Ovary 


Antipodals 


Embryo sac 
The pollen grain adheres to The pollen tube cell grows The pollen tube penetrates One of the sperm fertilizes 
the stigma, which contains into the style. The generative an opening in the ovule the egg to form the diploid 
two cells: a generative cell cell travels inside the pollen called a micropyle. zygote. The other sperm 
and a tube cell. tube. It divides to form two fertilizes two polar nuclei to 
sperm. form the triploid endosperm, 


which will become a food 
source for the growing 
embryo. 


In angiosperms, one sperm fertilizes the egg to form the 2n 
zygote, and the other sperm fertilizes the central cell to form 
the 3n endosperm. This is called a double fertilization. 


After fertilization, the zygote divides to form two cells: the upper cell, or 
terminal cell, and the lower, or basal, cell. The division of the basal cell 
gives rise to the suspensor, which eventually makes connection with the 
maternal tissue. The suspensor provides a route for nutrition to be 
transported from the mother plant to the growing embryo. The terminal cell 
also divides, giving rise to a globular-shaped proembryo ([link]a). In dicots 
(eudicots), the developing embryo has a heart shape, due to the presence of 
the two rudimentary cotyledons ([link]b). In non-endospermic dicots, such 
as Capsella bursa, the endosperm develops initially, but is then digested, 
and the food reserves are moved into the two cotyledons. As the embryo 


and cotyledons enlarge, they run out of room inside the developing seed, 
and are forced to bend ((link]c). Ultimately, the embryo and cotyledons fill 
the seed ([link]d), and the seed is ready for dispersal. Embryonic 
development is suspended after some time, and growth is resumed only 
when the seed germinates. The developing seedling will rely on the food 
reserves stored in the cotyledons until the first set of leaves begin 
photosynthesis. 
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Shown are the stages of embryo 
development in the ovule of a shepherd’s 
purse (Capsella bursa). After fertilization, 
the zygote divides to form an upper terminal 
cell and a lower basal cell. (a) In the first 


stage of development, the terminal cell 
divides, forming a globular pro-embryo. The 
basal cell also divides, giving rise to the 
suspensor. (b) In the second stage, the 
developing embryo has a heart shape due to 
the presence of cotyledons. (c) In the third 
stage, the growing embryo runs out of room 
and starts to bend. (d) Eventually, it 
completely fills the seed. (credit: 
modification of work by Robert R. Wise; 
scale-bar data from Matt Russell) 


Development of the Seed 


The mature ovule develops into the seed. A typical seed contains a seed 
coat, cotyledons, endosperm, and a single embryo ({link]). 


Note: 
Art Connection 
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The structures of dicot and monocot seeds 
are shown. Dicots (left) have two 
cotyledons. Monocots, such as corn (right), 
have one cotyledon, called the scutellum; it 


channels nutrition to the growing embryo. 
Both monocot and dicot embryos have a 
plumule that forms the leaves, a hypocotyl 
that forms the stem, and a radicle that forms 
the root. The embryonic axis comprises 
everything between the plumule and the 
radicle, not including the cotyledon(s). 


What is of the following statements is true? 


a. Both monocots and dicots have an endosperm. 
b. The radicle develops into the root. 

c. The plumule is part of the epicotyl 

d. The endosperm is part of the embryo. 


The storage of food reserves in angiosperm seeds differs between monocots 
and dicots. In monocots, such as corn and wheat, the single cotyledon is 
called a scutellum; the scutellum is connected directly to the embryo via 
vascular tissue (xylem and phloem). Food reserves are stored in the large 
endosperm. Upon germination, enzymes are secreted by the aleurone, a 
single layer of cells just inside the seed coat that surrounds the endosperm 
and embryo. The enzymes degrade the stored carbohydrates, proteins and 
lipids, the products of which are absorbed by the scutellum and transported 
via a vasculature strand to the developing embryo. Therefore, the scutellum 
can be seen to be an absorptive organ, not a storage organ. 


The two cotyledons in the dicot seed also have vascular connections to the 
embryo. In endospermic dicots, the food reserves are stored in the 
endosperm. During germination, the two cotyledons therefore act as 
absorptive organs to take up the enzymatically released food reserves, much 
like in monocots (monocots, by definition, also have endospermic seeds). 
Tobacco (Nicotiana tabaccum), tomato (Solanum lycopersicum), and 
pepper (Capsicum annuum) are examples of endospermic dicots. In non- 
endospermic dicots, the triploid endosperm develops normally following 


double fertilization, but the endosperm food reserves are quickly 
remobilized and moved into the developing cotyledon for storage. The two 
halves of a peanut seed (Arachis hypogaea) and the split peas (Pisum 
sativum) of split pea soup are individual cotyledons loaded with food 
reserves. 


The seed, along with the ovule, is protected by a seed coat that is formed 
from the integuments of the ovule sac. In dicots, the seed coat is further 
divided into an outer coat known as the testa and inner coat known as the 
tegmen. 


The embryonic axis consists of three parts: the plumule, the radicle, and the 
hypocotyl. The portion of the embryo between the cotyledon attachment 
point and the radicle is known as the hypocotyl (hypocotyl means “below 
the cotyledons”). The embryonic axis terminates in a radicle (the 
embryonic root), which is the region from which the root will develop. In 
dicots, the hypocotyls extend above ground, giving rise to the stem of the 
plant. In monocots, the hypocotyl does not show above ground because 
monocots do not exhibit stem elongation. The part of the embryonic axis 
that projects above the cotyledons is known as the epicotyl. The plumule is 
composed of the epicotyl, young leaves, and the shoot apical meristem. 


Upon germination in dicot seeds, the epicotyl is shaped like a hook with the 
plumule pointing downwards. This shape is called the plumule hook, and it 
persists as long as germination proceeds in the dark. Therefore, as the 
epicotyl pushes through the tough and abrasive soil, the plumule is 
protected from damage. Upon exposure to light, the hypocotyl hook 
straightens out, the young foliage leaves face the sun and expand, and the 
epicotyl continues to elongate. During this time, the radicle is also growing 
and producing the primary root. As it grows downward to form the tap root, 
lateral roots branch off to all sides, producing the typical dicot tap root 
system. 


In monocot seeds ([link]), the testa and tegmen of the seed coat are fused. 
As the seed germinates, the primary root emerges, protected by the root-tip 
covering: the coleorhiza. Next, the primary shoot emerges, protected by the 
coleoptile: the covering of the shoot tip. Upon exposure to light (i.e. when 
the plumule has exited the soil and the protective coleoptile is no longer 


needed), elongation of the coleoptile ceases and the leaves expand and 
unfold. At the other end of the embryonic axis, the primary root soon dies, 
while other, adventitious roots (roots that do not arise from the usual place — 
i.e. the root) emerge from the base of the stem. This gives the monocot a 
fibrous root system. 


Adventitious 
roots 


Coleorhiza 


As this monocot grass seed 
germinates, the primary root, or 
radicle, emerges first, followed by 
the primary shoot, or coleoptile, 
and the adventitious roots. 


Seed Germination 


Many mature seeds enter a period of inactivity, or extremely low metabolic 
activity: a process known as dormancy, which may last for months, years 
or even centuries. Dormancy helps keep seeds viable during unfavorable 
conditions. Upon a return to favorable conditions, seed germination takes 
place. Favorable conditions could be as diverse as moisture, light, cold, fire, 


or chemical treatments. After heavy rains, many new seedlings emerge. 
Forest fires also lead to the emergence of new seedlings. Some seeds 
require vernalization (cold treatment) before they can germinate. This 
guarantees that seeds produced by plants in temperate climates will not 
germinate until the spring. Plants growing in hot climates may have seeds 
that need a heat treatment in order to germinate, to avoid germination in the 
hot, dry summers. In many seeds, the presence of a thick seed coat retards 
the ability to germinate. Scarification, which includes mechanical or 
chemical processes to soften the seed coat, is often employed before 
germination. Presoaking in hot water, or passing through an acid 
environment, such as an animal’s digestive tract, may also be employed. 


Depending on seed size, the time taken for a seedling to emerge may vary. 
Species with large seeds have enough food reserves to germinate deep 
below ground, and still extend their epicoty] all the way to the soil surface. 
Seeds of small-seeded species usually require light as a germination cue. 
This ensures the seeds only germinate at or near the soil surface (where the 
light is greatest). If they were to germinate too far underneath the surface, 
the developing seedling would not have enough food reserves to reach the 
sunlight. 


Development of Fruit and Fruit Types 


After fertilization, the ovary of the flower usually develops into the fruit. 
Fruits are usually associated with having a sweet taste; however, not all 
fruits are sweet. Botanically, the term “fruit” is used for a ripened ovary. In 
most cases, flowers in which fertilization has taken place will develop into 
fruits, and flowers in which fertilization has not taken place will not. Some 
fruits develop from the ovary and are known as true fruits, whereas others 
develop from other parts of the female gametophyte and are known as 
accessory fruits. The fruit encloses the seeds and the developing embryo, 
thereby providing it with protection. Fruits are of many types, depending on 
their origin and texture. The sweet tissue of the blackberry, the red flesh of 
the tomato, the shell of the peanut, and the hull of corn (the tough, thin part 
that gets stuck in your teeth when you eat popcorn) are all fruits. As the 
fruit matures, the seeds also mature. 


Fruits may be classified as simple, aggregate, multiple, or accessory, 
depending on their origin ([link]). If the fruit develops from a single carpel 
or fused carpels of a single ovary, it is known as a simple fruit, as seen in 
nuts and beans. An aggregate fruit is one that develops from more than one 
carpel, but all are in the same flower: the mature carpels fuse together to 
form the entire fruit, as seen in the raspberry. Multiple fruit develops from 
an inflorescence or a cluster of flowers. An example is the pineapple, where 
the flowers fuse together to form the fruit. Accessory fruits (sometimes 
called false fruits) are not derived from the ovary, but from another part of 
the flower, such as the receptacle (strawberry) or the hypanthium (apples 
and pears). 


Simple fruit 


Aggregate fruit 


Multiple fruit 


There are four main types of fruits. Simple 
fruits, such as these nuts, are derived from a 


single ovary. Aggregate fruits, like 
raspberries, form from many carpels that 
fuse together. Multiple fruits, such as 
pineapple, form from a cluster of flowers 
called an inflorescence. Accessory fruit, like 
the apple, are formed from a part of the plant 
other than the ovary. (credit "nuts": 
modification of work by Petr Kratochvil; 
credit "raspberries": modification of work 
by Cory Zanker; credit "pineapple": 
modification of work by Howie Le; credit 
"apple": modification of work by Paolo 
Neo) 


Fruits generally have three parts: the exocarp (the outermost skin or 
covering), the mesocarp (middle part of the fruit), and the endocarp (the 
inner part of the fruit). Together, all three are known as the pericarp. The 
mesocarp is usually the fleshy, edible part of the fruit; however, in some 
fruits, such as the almond, the endocarp is the edible part. In many fruits, 
two or all three of the layers are fused, and are indistinguishable at maturity. 
Fruits can be dry or fleshy. Furthermore, fruits can be divided into dehiscent 
or indehiscent types. Dehiscent fruits, such as peas, readily release their 
seeds, while indehiscent fruits, like peaches, rely on decay to release their 
seeds. 


Fruit and Seed Dispersal 


The fruit has a single purpose: seed dispersal. Seeds contained within fruits 
need to be dispersed far from the mother plant, so they may find favorable 
and less competitive conditions in which to germinate and grow. 


Some fruit have built-in mechanisms so they can disperse by themselves, 
whereas others require the help of agents like wind, water, and animals 
({link]). Modifications in seed structure, composition, and size help in 
dispersal. Wind-dispersed fruit are lightweight and may have wing-like 


appendages that allow them to be carried by the wind. Some have a 
parachute-like structure to keep them afloat. Some fruits—for example, the 
dandelion—have hairy, weightless structures that are suited to dispersal by 
wind. 


Seeds dispersed by water are contained in light and buoyant fruit, giving 
them the ability to float. Coconuts are well known for their ability to float 
on water to reach land where they can germinate. Similarly, willow and 
silver birches produce lightweight fruit that can float on water. 


Animals and birds eat fruits, and the seeds that are not digested are excreted 
in their droppings some distance away. Some animals, like squirrels, bury 
seed-containing fruits for later use; if the squirrel does not find its stash of 
fruit, and if conditions are favorable, the seeds germinate. Some fruits, like 
the cocklebur, have hooks or sticky structures that stick to an animal's coat 
and are then transported to another place. Humans also play a big role in 
dispersing seeds when they carry fruits to new places and throw away the 
inedible part that contains the seeds. 


All of the above mechanisms allow for seeds to be dispersed through space, 
much like an animal’s offspring can move to a new location. Seed 
dormancy, which was described earlier, allows plants to disperse their 
progeny through time: something animals cannot do. Dormant seeds can 
wait months, years, or even decades for the proper conditions for 
germination and propagation of the species. 


Fruits and seeds are dispersed by various 
means. (a) Dandelion seeds are dispersed 
by wind, the (b) coconut seed is dispersed 
by water, and the (c) acorn is dispersed by 


animals that cache and then forget it. 
(credit a: modification of work by 
"Rosendahl"/Flickr; credit b: modification 
of work by Shine Oa; credit c: 
modification of work by Paolo Neo) 


Section Summary 


For fertilization to occur in angiosperms, pollen has to be transferred to the 
stigma of a flower: a process known as pollination. Gymnosperm 
pollination involves the transfer of pollen from a male cone to a female 
cone. When the pollen of the flower is transferred to the stigma of the same 
flower, it is called self-pollination. Cross-pollination occurs when pollen is 
transferred from one flower to another flower on the same plant, or another 
plant. Cross-pollination requires pollinating agents such as water, wind, or 
animals, and increases genetic diversity. After the pollen lands on the 
stigma, the tube cell gives rise to the pollen tube, through which the 
generative nucleus migrates. The pollen tube gains entry through the 
micropyle on the ovule sac. The generative cell divides to form two sperm 
cells: one fuses with the egg to form the diploid zygote, and the other fuses 
with the polar nuclei to form the endosperm, which is triploid in nature. 
This is known as double fertilization. After fertilization, the zygote divides 
to form the embryo and the fertilized ovule forms the seed. The walls of the 
ovary form the fruit in which the seeds develop. The seed, when mature, 
will germinate under favorable conditions and give rise to the diploid 
sporophyte. 


Art Connections 
Exercise: 


Problem: [link] What is the function of the cotyledon? 


a. It develops into the root. 


b. It provides nutrition for the embryo. 
c. It forms the embryo. 
d. It protects the embryo. 


Solution: 


[link] B 


Review Questions 


Exercise: 


Problem: After double fertilization, a zygote and 


a. an ovule 

b. endosperm 
c. a cotyledon 
d. a suspensor 


Solution: 
B 
Exercise: 
Problem: The fertilized ovule gives rise to the 
a. fruit 
b. seed 


c. endosperm 
d. embryo 


Solution: 


form. 


B 
Exercise: 


Problem: 


What is the term for a fruit that develops from tissues other than the 
ovary? 


a. simple fruit 

b. aggregate fruit 
c. multiple fruit 
d. accessory fruit 


Solution: 
D 
Exercise: 

Problem: The is the outermost covering of a fruit. 
a. endocarp 
b. pericarp 
c. exocarp 
d. mesocarp 

Solution: 


C 


Free Response 


Exercise: 


Problem: 


Why do some seeds undergo a period of dormancy, and how do they 
break dormancy? 


Solution: 


Many seeds enter a period of inactivity or extremely low metabolic 
activity, a process known as dormancy. Dormancy allows seeds to tide 
over unfavorable conditions and germinate on return to favorable 
conditions. Favorable conditions could be as diverse as moisture, light, 
cold, fire, or chemical treatments. After heavy rains, many new 
seedlings emerge. Forest fires also lead to the emergence of new 
seedlings. 


Exercise: 


Problem: Discuss some ways in which fruit seeds are dispersed. 
Solution: 


Some fruits have built-in mechanisms that allow them to disperse 
seeds by themselves, but others require the assistance of agents like 
wind, water, and animals. Fruit that are dispersed by the wind are light 
in weight and often have wing-like appendages that allow them to be 
carried by the wind; other have structures resembling a parachute that 
keep them afloat in the wind. Some fruits, such as those of dandelions, 
have hairy, weightless structures that allow them to float in the wind. 
Fruits dispersed by water are light and buoyant, giving them the ability 
to float; coconuts are one example. Animals and birds eat fruits and 
disperse their seeds by leaving droppings at distant locations. Other 
animals bury fruit that may later germinate. Some fruits stick to 
animals’ bodies and are carried to new locations. People also 
contribute to seed dispersal when they carry fruits to new places. 


Glossary 


accessory fruit 
fruit derived from tissues other than the ovary 


aggregate fruit 
fruit that develops from multiple carpels in the same flower 


aleurone 
single layer of cells just inside the seed coat that secretes enzymes 
upon germination 


coleoptile 
covering of the shoot tip, found in germinating monocot seeds 


coleorhiza 
covering of the root tip, found in germinating monocot seeds 


cotyledon 
fleshy part of seed that provides nutrition to the seed 


cross-pollination 
transfer of pollen from the anther of one flower to the stigma of a 
different flower 


dormancy 
period of no growth and very slow metabolic processes 


double fertilization 
two fertilization events in angiosperms; one sperm fuses with the egg, 
forming the zygote, whereas the other sperm fuses with the polar 
nuclei, forming endosperm 


endocarp 
innermost part of fruit 


endosperm 
triploid structure resulting from fusion of a sperm with polar nuclei, 
which serves as a nutritive tissue for embryo 


endospermic dicot 


dicot that stores food reserves in the endosperm 


exocarp 
outermost covering of a fruit 


epicotyl 
embryonic shoot above the cotyledons 


gravitropism 
response of a plant growth in the same direction as gravity 


hypocotyl 
embryonic axis above the cotyledons 


mesocarp 
middle part of a fruit 


multiple fruit 
fruit that develops from multiple flowers on an inflorescence 


nectar guide 
pigment pattern on a flower that guides an insect to the nectaries 


non-endospermic dicot 
dicot that stores food reserves in the developing cotyledon 


pericarp 
collective term describing the exocarp, mesocarp, and endocarp; the 
structure that encloses the seed and is a part of the fruit 


plumule 
shoot that develops from the germinating seed 


pollination 
transfer of pollen to the stigma 


radicle 
original root that develops from the germinating seed 


scarification 
mechanical or chemical processes to soften the seed coat 


scutellum 
type of cotyledon found in monocots, as in grass seeds 


self-pollination 
transfer of pollen from the anther to the stigma of same flower 


simple fruit 
fruit that develops from a single carpel or fused carpels 


suspensor 
part of the growing embryo that makes connection with the maternal 
tissues 


tegmen 
inner layer of the seed coat 


testa 
outer layer of the seed coat 


vernalization 
exposure to cold required by some seeds before they can germinate 


Asexual Reproduction 
By the end of this section, you will be able to: 


e Compare the mechanisms and methods of natural and artificial asexual 
reproduction 

e Describe the advantages and disadvantages of natural and artificial 
asexual reproduction 

e Discuss plant life spans 


Many plants are able to propagate themselves using asexual reproduction. 
This method does not require the investment required to produce a flower, 
attract pollinators, or find a means of seed dispersal. Asexual reproduction 
produces plants that are genetically identical to the parent plant because no 
mixing of male and female gametes takes place. Traditionally, these plants 
survive well under stable environmental conditions when compared with 
plants produced from sexual reproduction because they carry genes 
identical to those of their parents. 


Many different types of roots exhibit asexual reproduction [link]. The corm 
is used by gladiolus and garlic. Bulbs, such as a scaly bulb in lilies and a 
tunicate bulb in daffodils, are other common examples. A potato is a stem 
tuber, while parsnip propagates from a taproot. Ginger and iris produce 
rhizomes, while ivy uses an adventitious root (a root arising from a plant 
part other than the main or primary root), and the strawberry plant has a 
stolon, which is also called a runner. 


Different types of stems allow 
for asexual reproduction. (a) 
The corm of a garlic plant looks 
similar to (b) a tulip bulb, but 
the corm is solid tissue, while 
the bulb consists of layers of 
modified leaves that surround 
an underground stem. Both 
corms and bulbs can self- 
propagate, giving rise to new 
plants. (c) Ginger forms masses 


of stems called rhizomes that 
can give rise to multiple plants. 
(d) Potato plants form fleshy 
stem tubers. Each eye in the 
stem tuber can give rise toa 
new plant. (e) Strawberry plants 
form stolons: stems that grow at 
the soil surface or just below 
ground and can give rise to new 
plants. (credit a: modification of 
work by Dwight Sipler; credit c: 
modification of work by Albert 
Cahalan, USDA ARS; credit d: 
modification of work by 
Richard North; credit e: 
modification of work by Julie 
Magro) 


Some plants can produce seeds without fertilization. Either the ovule or part 
of the ovary, which is diploid in nature, gives rise to a new Seed. This 
method of reproduction is known as apomixis. 


An advantage of asexual reproduction is that the resulting plant will reach 
maturity faster. Since the new plant is arising from an adult plant or plant 
parts, it will also be sturdier than a seedling. Asexual reproduction can take 
place by natural or artificial (assisted by humans) means. 


Natural Methods of Asexual Reproduction 


Natural methods of asexual reproduction include strategies that plants have 
developed to self-propagate. Many plants—like ginger, onion, gladioli, and 
dahlia—continue to grow from buds that are present on the surface of the 
stem. In some plants, such as the sweet potato, adventitious roots or runners 
can give rise to new plants [link]. In Bryophyllum and kalanchoe, the leaves 
have small buds on their margins. When these are detached from the plant, 


they grow into independent plants; or, they may start growing into 
independent plants if the leaf touches the soil. Some plants can be 
propagated through cuttings alone. 


Stolon 
(runner) 


A stolon, or runner, is a stem 
that runs along the ground. At 
the nodes, it forms adventitious 
roots and buds that grow into a 
new plant. 


Artificial Methods of Asexual Reproduction 
These methods are frequently employed to give rise to new, and sometimes 


novel, plants. They include grafting, cutting, layering, and 
micropropagation. 


Grafting 


Grafting has long been used to produce novel varieties of roses, citrus 
species, and other plants. In grafting, two plant species are used; part of the 
stem of the desirable plant is grafted onto a rooted plant called the stock. 
The part that is grafted or attached is called the scion. Both are cut at an 
oblique angle (any angle other than a right angle), placed in close contact 
with each other, and are then held together [link]. Matching up these two 
surfaces as closely as possible is extremely important because these will be 
holding the plant together. The vascular systems of the two plants grow and 
fuse, forming a graft. After a period of time, the scion starts producing 
shoots, and eventually starts bearing flowers and fruits. Grafting is widely 
used in viticulture (grape growing) and the citrus industry. Scions capable 
of producing a particular fruit variety are grated onto root stock with 
specific resistance to disease. 


Grafting is an artificial method of 
asexual reproduction used to 
produce plants combining 
favorable stem characteristics with 
favorable root characteristics. The 
stem of the plant to be grafted is 


known as the scion, and the root is 
called the stock. 


Cutting 


Plants such as coleus and money plant are propagated through stem 
cuttings, where a portion of the stem containing nodes and internodes is 
placed in moist soil and allowed to root. In some species, stems can start 
producing a root even when placed only in water. For example, leaves of 
the African violet will root if kept in water undisturbed for several weeks. 


Layering 


Layering is a method in which a stem attached to the plant is bent and 
covered with soil. Young stems that can be bent easily without any injury 
are preferred. Jasmine and bougainvillea (paper flower) can be propagated 
this way [link]. In some plants, a modified form of layering known as air 
layering is employed. A portion of the bark or outermost covering of the 
stem is removed and covered with moss, which is then taped. Some 
gardeners also apply rooting hormone. After some time, roots will appear, 
and this portion of the plant can be removed and transplanted into a separate 
pot. 


In layering, a part of the stem is 
buried so that it forms a new plant. 
(credit: modification of work by 
Pearson Scott Foresman, donated 
to the Wikimedia Foundation) 


Micropropagation 


Micropropagation (also called plant tissue culture) is a method of 
propagating a large number of plants from a single plant in a short time 
under laboratory conditions [link]. This method allows propagation of rare, 
endangered species that may be difficult to grow under natural conditions, 
are economically important, or are in demand as disease-free plants. 


Micropropagation is used to 
propagate plants in sterile 
conditions. (credit: Nikhilesh 
Sanyal) 


To start plant tissue culture, a part of the plant such as a stem, leaf, embryo, 
anther, or seed can be used. The plant material is thoroughly sterilized using 
a combination of chemical treatments standardized for that species. Under 
sterile conditions, the plant material is placed on a plant tissue culture 
medium that contains all the minerals, vitamins, and hormones required by 
the plant. The plant part often gives rise to an undifferentiated mass known 
as Callus, from which individual plantlets begin to grow after a period of 
time. These can be separated and are first grown under greenhouse 
conditions before they are moved to field conditions. 


Plant Life Spans 


The length of time from the beginning of development to the death of a 
plant is called its life span. The life cycle, on the other hand, is the sequence 
of stages a plant goes through from seed germination to seed production of 
the mature plant. Some plants, such as annuals, only need a few weeks to 
grow, produce seeds and die. Other plants, such as the bristlecone pine, live 
for thousands of years. Some bristlecone pines have a documented age of 
4,500 years [link]. Even as some parts of a plant, such as regions containing 
meristematic tissue—the area of active plant growth consisting of 
undifferentiated cells capable of cell division—continue to grow, some parts 
undergo programmed cell death (apoptosis). The cork found on stems, and 
the water-conducting tissue of the xylem, for example, are composed of 
dead cells. 


The bristlecone pine, shown here in 
the Ancient Bristlecone Pine Forest in 
the White Mountains of eastern 
California, has been known to live for 
4,500 years. (credit: Rick Goldwaser) 


Plant species that complete their lifecycle in one season are known as 
annuals, an example of which is Arabidopsis, or mouse-ear cress. Biennials 
such as carrots complete their lifecycle in two seasons. In a biennial’s first 


season, the plant has a vegetative phase, whereas in the next season, it 
completes its reproductive phase. Commercial growers harvest the carrot 
roots after the first year of growth, and do not allow the plants to flower. 
Perennials, such as the magnolia, complete their lifecycle in two years or 
more. 


In another classification based on flowering frequency, monocarpic plants 
flower only once in their lifetime; examples include bamboo and yucca. 
During the vegetative period of their life cycle (which may be as long as 
120 years in some bamboo species), these plants may reproduce asexually 
and accumulate a great deal of food material that will be required during 
their once-in-a-lifetime flowering and setting of seed after fertilization. 
Soon after flowering, these plants die. Polycarpic plants form flowers 
many times during their lifetime. Fruit trees, such as apple and orange trees, 
are polycarpic; they flower every year. Other polycarpic species, such as 
perennials, flower several times during their life span, but not each year. By 
this means, the plant does not require all its nutrients to be channelled 
towards flowering each year. 


As is the case with all living organisms, genetics and environmental 
conditions have a role to play in determining how long a plant will live. 
Susceptibility to disease, changing environmental conditions, drought, cold, 
and competition for nutrients are some of the factors that determine the 
survival of a plant. Plants continue to grow, despite the presence of dead 
tissue such as cork. Individual parts of plants, such as flowers and leaves, 
have different rates of survival. In many trees, the older leaves turn yellow 
and eventually fall from the tree. Leaf fall is triggered by factors such as a 
decrease in photosynthetic efficiency, due to shading by upper leaves, or 
oxidative damage incurred as a result of photosynthetic reactions. The 
components of the part to be shed are recycled by the plant for use in other 
processes, such as development of seed and storage. This process is known 
as nutrient recycling. 


The aging of a plant and all the associated processes is known as 
senescence, which is marked by several complex biochemical changes. One 
of the characteristics of senescence is the breakdown of chloroplasts, which 
is characterized by the yellowing of leaves. The chloroplasts contain 


components of photosynthetic machinery such as membranes and proteins. 
Chloroplasts also contain DNA. The proteins, lipids, and nucleic acids are 
broken down by specific enzymes into smaller molecules and salvaged by 
the plant to support the growth of other plant tissues. 


The complex pathways of nutrient recycling within a plant are not well 
understood. Hormones are known to play a role in senescence. Applications 
of cytokinins and ethylene delay or prevent senescence; in contrast, 
abscissic acid causes premature onset of senescence. 


Sections Summary 


Many plants reproduce asexually as well as sexually. In asexual 
reproduction, part of the parent plant is used to generate a new plant. 
Grafting, layering, and micropropagation are some methods used for 
artificial asexual reproduction. The new plant is genetically identical to the 
parent plant from which the stock has been taken. Asexually reproducing 
plants thrive well in stable environments. 


Plants have different life spans, dependent on species, genotype, and 
environmental conditions. Parts of the plant, such as regions containing 
meristematic tissue, continue to grow, while other parts experience 
programmed cell death. Leaves that are no longer photosynthetically active 
are shed from the plant as part of senescence, and the nutrients from these 
leaves are recycled by the plant. Other factors, including the presence of 
hormones, are known to play a role in delaying senescence. 


Review Questions 


Exercise: 


Problem: 


is a useful method of asexual reproduction for propagating 
hard-to-root plants. 


a. grafting 


b. layering 
c. cuttings 
d. budding 


Solution: 


A 
Exercise: 


Problem: 
Which of the following is an advantage of asexual reproduction? 


a. Cuttings taken from an adult plant show increased resistance to 
diseases. 

b. Grafted plants can more successfully endure drought. 

c. When cuttings or buds are taken from an adult plant or plant 
parts, the resulting plant will grow into an adult faster than a 


seedling. 
d. Asexual reproduction takes advantage of a more diverse gene 


pool. 


Solution: 


C 
Exercise: 


Problem: 
Plants that flower once in their lifetime are known as 


a. monoecious 
b. dioecious 

c. polycarpic 
d. monocarpic 


Solution: 


D 
Exercise: 


Problem: 


Plant species that complete their lifecycle in one season are known as 


a. biennials 
b. perennials 
c. annuals 

d. polycarpic 


Solution: 


G 


Free Response 


Exercise: 


Problem: 
What are some advantages of asexual reproduction in plants? 
Solution: 


Asexual reproduction does not require the expenditure of the plant’s 
resources and energy that would be involved in producing a flower, 
attracting pollinators, or dispersing seeds. Asexual reproduction results 
in plants that are genetically identical to the parent plant, since there is 
no mixing of male and female gametes, resulting in better survival. 
The cuttings or buds taken from an adult plant produce progeny that 
mature faster and are sturdier than a seedling grown from a seed. 


Exercise: 
Problem: 


Describe natural and artificial methods of asexual reproduction in 
plants. 


Solution: 


Asexual reproduction in plants can take place by natural methods or 
artificial methods. Natural methods include strategies used by the plant 
to propagate itself. Artificial methods include grafting, cutting, 
layering, and micropropagation. 


Exercise: 


Problem: Discuss the life cycles of various plants. 
Solution: 


Plant species that complete their life cycle in one season are known as 
annuals. Biennials complete their life cycle in two seasons. In the first 
season, the plant has a vegetative phase, whereas in the next season, it 
completes its reproductive phase. Perennials, such as the magnolia, 
complete their life cycle in two years or more. 


Exercise: 


Problem: 
How are plants classified on the basis of flowering frequency? 
Solution: 


Monocarpic plants flower only once during their lifetime. During the 
vegetative period of their lifecycle, these plants accumulate a great 
deal of food material that will be required during their once-in-a- 
lifetime flowering and setting of seed after fertilization. Soon after 
flowering, these plants die. Polycarpic plants flower several times 


during their life span; therefore, not all nutrients are channelled 
towards flowering. 


Glossary 


apomixis 
process by which seeds are produced without fertilization of sperm and 
egg 


cutting 
method of asexual reproduction where a portion of the stem contains 
notes and internodes is placed in moist soil and allowed to root 


grafting 
method of asexual reproduction where the stem from one plant species 
is spliced to a different plant 


layering 
method of propagating plants by bending a stem under the soil 


micropropagation 
propagation of desirable plants from a plant part; carried out in a 
laboratory 


monocarpic 
plants that flower once in their lifetime 


polycarpic 
plants that flower several times in their lifetime 


scion 
the part of a plant that is grafted onto the root stock of another plant 


senescence 
process that describes aging in plant tissues 


Ecology of Ecosystems 
By the end of this section, you will be able to: 


e Describe the basic types of ecosystems on Earth 

e Explain the methods that ecologists use to study ecosystem structure 
and dynamics 

e Identify the different methods of ecosystem modeling 

¢ Differentiate between food chains and food webs and recognize the 
importance of each 


Life in an ecosystem is often about competition for limited resources, a 
characteristic of the theory of natural selection. Competition in 
communities (all living things within specific habitats) is observed both 
within species and among different species. The resources for which 
organisms compete include organic material from living or previously 
living organisms, sunlight, and mineral nutrients, which provide the energy 
for living processes and the matter to make up organisms’ physical 
structures. Other critical factors influencing community dynamics are the 
components of its physical and geographic environment: a habitat’s latitude, 
amount of rainfall, topography (elevation), and available species. These are 
all important environmental variables that determine which organisms can 
exist within a particular area. 


An ecosystem is a community of living organisms and their interactions 
with their abiotic (non-living) environment. Ecosystems can be small, such 
as the tide pools found near the rocky shores of many oceans, or large, such 
as the Amazon Rainforest in Brazil ([link]). 


A (a) tidal pool ecosystem in Matinicus Island in 
Maine is a small ecosystem, while the (b) Amazon 
Rainforest in Brazil is a large ecosystem. (credit a: 

modification of work by “takomabibelot”/Flickr; credit 
b: modification of work by Ivan Mlinaric) 


There are three broad categories of ecosystems based on their general 
environment: freshwater, ocean water, and terrestrial. Within these broad 
categories are individual ecosystem types based on the organisms present 
and the type of environmental habitat. 


Ocean ecosystems are the most common, comprising 75 percent of the 
Earth's surface and consisting of three basic types: shallow ocean, deep 
ocean water, and deep ocean surfaces (the low depth areas of the deep 
oceans). The shallow ocean ecosystems include extremely biodiverse coral 
reef ecosystems, and the deep ocean surface is known for its large numbers 
of plankton and krill (small crustaceans) that support it. These two 
environments are especially important to aerobic respirators worldwide as 
the phytoplankton perform 40 percent of all photosynthesis on Earth. 
Although not as diverse as the other two, deep ocean ecosystems contain a 
wide variety of marine organisms. Such ecosystems exist even at the bottom 
of the ocean where light is unable to penetrate through the water. 


Freshwater ecosystems are the rarest, occurring on only 1.8 percent of the 
Earth's surface. Lakes, rivers, streams, and springs comprise these systems; 
they are quite diverse, and they support a variety of fish, amphibians, 
reptiles, insects, phytoplankton, fungi, and bacteria. 


Terrestrial ecosystems, also known for their diversity, are grouped into large 
categories called biomes, such as tropical rain forests, savannas, deserts, 
coniferous forests, deciduous forests, and tundra. Grouping these 
ecosystems into just a few biome categories obscures the great diversity of 
the individual ecosystems within them. For example, there is great variation 
in desert vegetation: the saguaro cacti and other plant life in the Sonoran 
Desert, in the United States, are relatively abundant compared to the 


desolate rocky desert of Boa Vista, an island off the coast of Western Africa 
({link]). 


(a) (b) 


Desert ecosystems, like all ecosystems, can vary 
greatly. The desert in (a) Saguaro National Park, 
Arizona, has abundant plant life, while the rocky desert 
of (b) Boa Vista island, Cape Verde, Africa, is devoid 
of plant life. (credit a: modification of work by Jay 
Galvin; credit b: modification of work by Ingo 
Wolbern) 


Ecosystems are complex with many interacting parts. They are routinely 
exposed to various disturbances, or changes in the environment that effect 
their compositions: yearly variations in rainfall and temperature and the 
slower processes of plant growth, which may take several years. Many of 
these disturbances are a result of natural processes. For example, when 
lightning causes a forest fire and destroys part of a forest ecosystem, the 
ground is eventually populated by grasses, then by bushes and shrubs, and 
later by mature trees, restoring the forest to its former state. The impact of 
environmental disturbances caused by human activities is as important as 
the changes wrought by natural processes. Human agricultural practices, air 
pollution, acid rain, global deforestation, overfishing, eutrophication, oil 
spills, and illegal dumping on land and into the ocean are all issues of 
concern to conservationists. 


Equilibrium is the steady state of an ecosystem where all organisms are in 
balance with their environment and with each other. In ecology, two 


parameters are used to measure changes in ecosystems: resistance and 
resilience. The ability of an ecosystem to remain at equilibrium in spite of 
disturbances is called resistance. The speed at which an ecosystem recovers 
equilibrium after being disturbed, called its resilience. Ecosystem resistance 
and resilience are especially important when considering human impact. 
The nature of an ecosystem may change to such a degree that it can lose its 
resilience entirely. This process can lead to the complete destruction or 
irreversible altering of the ecosystem. 


Food Chains and Food Webs 


The term “food chain” is sometimes used metaphorically to describe human 
social situations. In this sense, food chains are thought of as a competition 
for survival, such as “who eats whom?” Someone eats and someone is 
eaten. Therefore, it is not surprising that in our competitive “dog-eat-dog” 
society, individuals who are considered successful are seen as being at the 
top of the food chain, consuming all others for their benefit, whereas the 
less successful are seen as being at the bottom. 


The scientific understanding of a food chain is more precise than in its 
everyday usage. In ecology, a food chain is a linear sequence of organisms 
through which nutrients and energy pass: primary producers, primary 
consumers, and higher-level consumers are used to describe ecosystem 
structure and dynamics. There is a single path through the chain. Each 
organism in a food chain occupies what is called a trophic level. 
Depending on their role as producers or consumers, species or groups of 
species can be assigned to various trophic levels. 


In many ecosystems, the bottom of the food chain consists of 
photosynthetic organisms (plants and/or phytoplankton), which are called 
primary producers. The organisms that consume the primary producers 
are herbivores: the primary consumers. Secondary consumers are usually 
carnivores that eat the primary consumers. Tertiary consumers are 
carnivores that eat other carnivores. Higher-level consumers feed on the 
next lower tropic levels, and so on, up to the organisms at the top of the 
food chain: the apex consumers. In the Lake Ontario food chain shown in 


[link], the Chinook salmon is the apex consumer at the top of this food 
chain. 


ORGANISM TROPHIC LEVEL 


Chinook salmon 


Slimy sculpin 


t 


Mollusks 


tt 


Green algae 


These are the trophic levels 
of a food chain in Lake 
Ontario at the United States- 
Canada border. Energy and 
nutrients flow from 
photosynthetic green algae at 
the bottom to the top of the 


food chain: the Chinook 
salmon. 


One major factor that limits the length of food chains is energy. Energy is 
lost as heat between each trophic level due to the second law of 
thermodynamics. Thus, after a limited number of trophic energy transfers, 
the amount of energy remaining in the food chain may not be great enough 
to support viable populations at yet a higher trophic level. 


The loss of energy between trophic levels is illustrated by the pioneering 
studies of Howard T. Odum in the Silver Springs, Florida, ecosystem in the 
1940s ([link]). The primary producers generated 20,819 kcal/m?/yr 
(kilocalories per square meter per year), the primary consumers generated 
3368 kcal/m?/yr, the secondary consumers generated 383 kcal/m?/yr, and 
the tertiary consumers only generated 21 kcal/m?/yr. Thus, there is little 
energy remaining for another level of consumers in this ecosystem. 


Tertiary (apex) 
consumers 


Secondary consumers 


Primary consumers 


Primary producers 


5,000 10,000 15,000 
Energy content (kcal/m2/yr) 


The relative energy in trophic levels in a Silver 
Springs, Florida, ecosystem is shown. Each 
trophic level has less energy available and 
supports fewer organisms at the next level. 


There is a one problem when using food chains to accurately describe most 
ecosystems. Even when all organisms are grouped into appropriate trophic 
levels, some of these organisms can feed on species from more than one 
trophic level; likewise, some of these organisms can be eaten by species 
from multiple trophic levels. In other words, the linear model of 
ecosystems, the food chain, is not completely descriptive of ecosystem 
structure. A holistic model—which accounts for all the interactions between 
different species and their complex interconnected relationships with each 
other and with the environment—is a more accurate and descriptive model 
for ecosystems. A food web is a graphic representation of a holistic, non- 
linear web of primary producers, primary consumers, and higher-level 
consumers used to describe ecosystem structure and dynamics ([link]). 


Greg aigad 
a Blue-green algae 


This food web shows the interactions between organisms across 
trophic levels in the Lake Ontario ecosystem. Primary producers 
are outlined in green, primary consumers in orange, secondary 
consumers in blue, and tertiary (apex) consumers in purple. 
Arrows point from an organism that is consumed to the organism 
that consumes it. Notice how some lines point to more than one 
trophic level. For example, the opossum shrimp eats both primary 
producers and primary consumers. (credit: NOAA, GLERL) 


A comparison of the two types of structural ecosystem models shows 
strength in both. Food chains are more flexible for analytical modeling, are 
easier to follow, and are easier to experiment with, whereas food web 
models more accurately represent ecosystem structure and dynamics, and 
data can be directly used as input for simulation modeling. 


Note: 
Link to Learning 
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Head to this online interactive simulator to investigate food web function. 
In the Interactive Labs box, under Food Web, click Step 1. Read the 
instructions first, and then click Step 2 for additional instructions. When 
you are ready to create a simulation, in the upper-right corner of the 
Interactive Labs box, click OPEN SIMULATOR. 


Two general types of food webs are often shown interacting within a single 
ecosystem. A grazing food web (such as the Lake Ontario food web in 
[link]) has plants or other photosynthetic organisms at its base, followed by 
herbivores and various carnivores. A detrital food web consists of a base 
of organisms that feed on decaying organic matter (dead organisms), called 
decomposers or detritivores. These organisms are usually bacteria or fungi 
that recycle organic material back into the biotic part of the ecosystem as 
they themselves are consumed by other organisms. As all ecosystems 
require a method to recycle material from dead organisms, most grazing 
food webs have an associated detrital food web. For example, in a meadow 
ecosystem, plants may support a grazing food web of different organisms, 
primary and other levels of consumers, while at the same time supporting a 


detrital food web of bacteria, fungi, and detrivorous invertebrates feeding 
off dead plants and animals. 


Note: 

Evolution Conenction 

Three-spined Stickleback 

It is well established by the theory of natural selection that changes in the 
environment play a major role in the evolution of species within an 
ecosystem. However, little is known about how the evolution of species 
within an ecosystem can alter the ecosystem environment. In 2009, Dr. 
Luke Harmon, from the University of Idaho in Moscow, published a paper 
that for the first time showed that the evolution of organisms into 
subspecies can have direct effects on their ecosystem environment.!omote] 
Nature (Vol. 458, April 1, 2009) 

The three-spines stickleback (Gasterosteus aculeatus) is a freshwater fish 
that evolved from a saltwater fish to live in freshwater lakes about 10,000 
years ago, which is considered a recent development in evolutionary time 
({link]). Over the last 10,000 years, these freshwater fish then became 
isolated from each other in different lakes. Depending on which lake 
population was studied, findings showed that these sticklebacks then either 
remained as one species or evolved into two species. The divergence of 
species was made possible by their use of different areas of the pond for 
feeding called micro niches. 

Dr. Harmon and his team created artificial pond microcosms in 250-gallon 
tanks and added muck from freshwater ponds as a source of zooplankton 
and other invertebrates to sustain the fish. In different experimental tanks 
they introduced one species of stickleback from either a single-species or 
double-species lake. 

Over time, the team observed that some of the tanks bloomed with algae 
while others did not. This puzzled the scientists, and they decided to 
measure the water's dissolved organic carbon (DOC), which consists of 
mostly large molecules of decaying organic matter that give pond-water its 
slightly brownish color. It turned out that the water from the tanks with 
two-species fish contained larger particles of DOC (and hence darker 
water) than water with single-species fish. This increase in DOC blocked 


the sunlight and prevented algal blooming. Conversely, the water from the 
single-species tank contained smaller DOC particles, allowing more 
sunlight penetration to fuel the algal blooms. 

This change in the environment, which is due to the different feeding 
habits of the stickleback species in each lake type, probably has a great 
impact on the survival of other species in these ecosystems, especially 
other photosynthetic organisms. Thus, the study shows that, at least in 
these ecosystems, the environment and the evolution of populations have 
reciprocal effects that may now be factored into simulation models. 


The three-spined stickleback 
evolved from a saltwater fish to 
freshwater fish. (credit: Barrett 

Paul, USFWS) 


Research into Ecosystem Dynamics: Ecosystem 
Experimentation and Modeling 


The study of the changes in ecosystem structure caused by changes in the 
environment (disturbances) or by internal forces is called ecosystem 
dynamics. Ecosystems are characterized using a variety of research 
methodologies. Some ecologists study ecosystems using controlled 
experimental systems, while some study entire ecosystems in their natural 
state, and others use both approaches. 


A holistic ecosystem model attempts to quantify the composition, 
interaction, and dynamics of entire ecosystems; it is the most representative 
of the ecosystem in its natural state. A food web is an example of a holistic 
ecosystem model. However, this type of study is limited by time and 
expense, as well as the fact that it is neither feasible nor ethical to do 
experiments on large natural ecosystems. To quantify all different species in 
an ecosystem and the dynamics in their habitat is difficult, especially when 
studying large habitats such as the Amazon Rainforest, which covers 1.4 
billion acres (5.5 million km?) of the Earth’s surface. 


For these reasons, scientists study ecosystems under more controlled 
conditions. Experimental systems usually involve either partitioning a part 
of a natural ecosystem that can be used for experiments, termed a 
mesocosm, or by re-creating an ecosystem entirely in an indoor or outdoor 
laboratory environment, which is referred to as a microcosm. A major 
limitation to these approaches is that removing individual organisms from 
their natural ecosystem or altering a natural ecosystem through partitioning 
may change the dynamics of the ecosystem. These changes are often due to 
differences in species numbers and diversity and also to environment 
alterations caused by partitioning (mesocosm) or re-creating (microcosm) 
the natural habitat. Thus, these types of experiments are not totally 
predictive of changes that would occur in the ecosystem from which they 
were gathered. 


As both of these approaches have their limitations, some ecologists suggest 
that results from these experimental systems should be used only in 
conjunction with holistic ecosystem studies to obtain the most 
representative data about ecosystem structure, function, and dynamics. 


Scientists use the data generated by these experimental studies to develop 
ecosystem models that demonstrate the structure and dynamics of 
ecosystems. Three basic types of ecosystem modeling are routinely used in 
research and ecosystem management: a conceptual model, an analytical 
model, and a simulation model. A conceptual model is an ecosystem 
model that consists of flow charts to show interactions of different 
compartments of the living and nonliving components of the ecosystem. A 
conceptual model describes ecosystem structure and dynamics and shows 


how environmental disturbances affect the ecosystem; however, its ability 
to predict the effects of these disturbances is limited. Analytical and 
simulation models, in contrast, are mathematical methods of describing 
ecosystems that are indeed capable of predicting the effects of potential 
environmental changes without direct experimentation, although with some 
limitations as to accuracy. An analytical model is an ecosystem model that 
is created using simple mathematical formulas to predict the effects of 
environmental disturbances on ecosystem structure and dynamics. A 
simulation model is an ecosystem model that is created using complex 
computer algorithms to holistically model ecosystems and to predict the 
effects of environmental disturbances on ecosystem structure and dynamics. 
Ideally, these models are accurate enough to determine which components 
of the ecosystem are particularly sensitive to disturbances, and they can 
serve as a guide to ecosystem managers (such as conservation ecologists or 
fisheries biologists) in the practical maintenance of ecosystem health. 


Conceptual Models 


Conceptual models are useful for describing ecosystem structure and 
dynamics and for demonstrating the relationships between different 
organisms in a community and their environment. Conceptual models are 
usually depicted graphically as flow charts. The organisms and their 
resources are grouped into specific compartments with arrows showing the 
relationship and transfer of energy or nutrients between them. Thus, these 
diagrams are sometimes called compartment models. 


To model the cycling of mineral nutrients, organic and inorganic nutrients 
are subdivided into those that are bioavailable (ready to be incorporated into 
biological macromolecules) and those that are not. For example, in a 
terrestrial ecosystem near a deposit of coal, carbon will be available to the 
plants of this ecosystem as carbon dioxide gas in a short-term period, not 
from the carbon-rich coal itself. However, over a longer period, 
microorganisms capable of digesting coal will incorporate its carbon or 
release it as natural gas (methane, CH,), changing this unavailable organic 
source into an available one. This conversion is greatly accelerated by the 
combustion of fossil fuels by humans, which releases large amounts of 


carbon dioxide into the atmosphere. This is thought to be a major factor in 
the rise of the atmospheric carbon dioxide levels in the industrial age. The 
carbon dioxide released from burning fossil fuels is produced faster than 
photosynthetic organisms can use it. This process is intensified by the 
reduction of photosynthetic trees because of worldwide deforestation. Most 
scientists agree that high atmospheric carbon dioxide is a major cause of 
global climate change. 


Conceptual models are also used to show the flow of energy through 
particular ecosystems. [link] is based on Howard T. Odum’s classical study 
of the Silver Springs, Florida, holistic ecosystem in the mid-twentieth 
century, |!omote] This study shows the energy content and transfer between 
various ecosystem compartments. 

Howard T. Odum, “Trophic Structure and Productivity of Silver Springs, 
Florida,” Ecological Monographs 27, no. 1 (1957): 47-112. 


Note: 
Art Connection 


Primary producers 
13,187 20,810 
7,618 4,250 


2,265 3,368 
1,103 720 


Secondary consumers 
272 383 


to decomposers 


respiration + heat 


Tertiary consumers 
16 Pal 


5,060 5,060 


Total heat and respiration 
20,810 


Gross productivity 
Net productivity 


This conceptual model shows 
the flow of energy through a 
spring ecosystem in Silver 
Springs, Florida. Notice that 
the energy decreases with 
each increase in trophic level. 


Why do you think the value for gross productivity of the primary producers 
is the same as the value for total heat and respiration (20,810 kcal/m?/yr)? 


Analytical and Simulation Models 


The major limitation of conceptual models is their inability to predict the 
consequences of changes in ecosystem species and/or environment. 
Ecosystems are dynamic entities and subject to a variety of abiotic and 
biotic disturbances caused by natural forces and/or human activity. 
Ecosystems altered from their initial equilibrium state can often recover 
from such disturbances and return to a state of equilibrium. As most 
ecosystems are subject to periodic disturbances and are often in a state of 
change, they are usually either moving toward or away from their 
equilibrium state. There are many of these equilibrium states among the 
various components of an ecosystem, which affects the ecosystem overall. 
Furthermore, as humans have the ability to greatly and rapidly alter the 
species content and habitat of an ecosystem, the need for predictive models 
that enable understanding of how ecosystems respond to these changes 
becomes more crucial. 


Analytical models often use simple, linear components of ecosystems, such 
as food chains, and are known to be complex mathematically; therefore, 
they require a significant amount of mathematical knowledge and expertise. 
Although analytical models have great potential, their simplification of 
complex ecosystems is thought to limit their accuracy. Simulation models 
that use computer programs are better able to deal with the complexities of 
ecosystem structure. 


A recent development in simulation modeling uses supercomputers to 
create and run individual-based simulations, which accounts for the 
behavior of individual organisms and their effects on the ecosystem as a 
whole. These simulations are considered to be the most accurate and 
predictive of the complex responses of ecosystems to disturbances. 


Note: 
Link to Learning 


Opeesf S40) 


— 
mess Openstax COLLEGE 


Visit The Darwin Project to view a variety of ecosystem models. 


Section Summary 


Ecosystems exist on land, at sea, in the air, and underground. Different 
ways of modeling ecosystems are necessary to understand how 
environmental disturbances will affect ecosystem structure and dynamics. 
Conceptual models are useful to show the general relationships between 
organisms and the flow of materials or energy between them. Analytical 
models are used to describe linear food chains, and simulation models work 
best with holistic food webs. 


Art Connections 


Exercise: 


Problem: 


[link] Why do you think the value for gross productivity of the primary 
producers is the same as the value for total heat and respiration (20,810 
kcal/m?/yr)? 


Solution: 


[link] According to the first law of thermodynamics, energy can 
neither be created nor destroyed. Eventually, all energy consumed by 
living systems is lost as heat or used for respiration, and the total 
energy output of the system must equal the energy that went into it. 


Review Questions 


Exercise: 


Problem: 


The ability of an ecosystem to return to its equilibrium state after an 
environmental disturbance is called 


a. resistance 
b. restoration 
c. reformation 
d. resilience 


Solution: 


D 
Exercise: 


Problem: 


A re-created ecosystem in a laboratory environment is known as a 


a. mesocosm 
b. simulation 
c. microcosm 
d. reproduction 


Solution: 


C 


Exercise: 


Problem:Decomposers are associated with which class of food web? 


a. grazing 
b. detrital 
c. inverted 
d. aquatic 


Solution: 


B 
Exercise: 


Problem: 


The primary producers in an ocean grazing food web are usually 


a. plants 

b. animals 

c. fungi 

d. phytoplankton 


Solution: 


D 
Exercise: 
Problem: 


What term describes the use of mathematical equations in the 
modeling of linear aspects of ecosystems? 


a. analytical modeling 

b. simulation modeling 

c. conceptual modeling 

d. individual-based modeling 


Solution: 


A 
Exercise: 


Problem: 


The position of an organism along a food chain is known as its 


a. locus 

b. location 

c. trophic level 
d. microcosm 


Solution: 


C 


Free Response 


Exercise: 


Problem: 


Compare and contrast food chains and food webs. What are the 
strengths of each concept in describing ecosystems? 


Solution: 


Food webs show interacting groups of different species and their many 
interconnections with each other and the environment. Food chains are 
linear aspects of food webs that describe the succession of organisms 
consuming one another at defined trophic levels. Food webs are a 
more accurate representation of the structure and dynamics of an 
ecosystem. Food chains are easier to model and use for experimental 
studies. 


Exercise: 


Problem: Describe freshwater, ocean, and terrestrial ecosystems. 
Solution: 


Freshwater ecosystems are the rarest, but have great diversity of 
freshwater fish and other aquatic life. Ocean ecosystems are the most 
common and are responsible for much of the photosynthesis that 
occurs on Earth. Terrestrial ecosystems are very diverse; they are 
grouped based on their species and environment (biome), which 
includes forests, deserts, and tundras. 


Exercise: 


Problem: 


Compare grazing and detrital food webs. Why would they both be 
present in the same ecosystem? 


Solution: 


Grazing food webs have a primary producer at their base, which is 
either a plant for terrestrial ecosystems or a phytoplankton for aquatic 
ecosystems. The producers pass their energy to the various trophic 
levels of consumers. At the base of detrital food webs are the 
decomposers, which pass this energy to a variety of other consumers. 
Detrital food webs are important for the health of many grazing food 
webs because they eliminate dead and decaying organic material, thus, 
clearing space for new organisms and removing potential causes of 
disease. By breaking down dead organic matter, decomposers also 
make mineral nutrients available to primary producers; this process is 
a Vital link in nutrient cycling. 


Glossary 
analytical model 


ecosystem model that is created with mathematical formulas to predict 
the effects of environmental disturbances on ecosystem structure and 


dynamics 


apex consumer 
organism at the top of the food chain 


conceptual model 
(also, compartment models) ecosystem model that consists of flow 
charts that show the interactions of different compartments of the 
living and non-living components of the ecosystem 


detrital food web 
type of food web in which the primary consumers consist of 
decomposers; these are often associated with grazing food webs within 
the same ecosystem 


ecosystem 
community of living organisms and their interactions with their abiotic 
environment 


ecosystem dynamics 
study of the changes in ecosystem structure caused by changes in the 
environment or internal forces 


equilibrium 
steady state of an ecosystem where all organisms are in balance with 
their environment and each other 


food chain 
linear representation of a chain of primary producers, primary 
consumers, and higher-level consumers used to describe ecosystem 
structure and dynamics 


food web 
graphic representation of a holistic, non-linear web of primary 
producers, primary consumers, and higher-level consumers used to 
describe ecosystem structure and dynamics 


grazing food web 


type of food web in which the primary producers are either plants on 
land or phytoplankton in the water; often associated with a detrital 
food web within the same ecosystem 


holistic ecosystem model 
study that attempts to quantify the composition, interactions, and 
dynamics of entire ecosystems; often limited by economic and 
logistical difficulties, depending on the ecosystem 


mesocosm 
portion of a natural ecosystem to be used for experiments 


microcosm 
re-creation of natural ecosystems entirely in a laboratory environment 
to be used for experiments 


primary consumer 
trophic level that obtains its energy from the primary producers of an 
ecosystem 


primary producer 
trophic level that obtains its energy from sunlight, inorganic chemicals, 
or dead and/or decaying organic material 


resilience (ecological) 
speed at which an ecosystem recovers equilibrium after being 
disturbed 


resistance (ecological) 
ability of an ecosystem to remain at equilibrium in spite of 
disturbances 


secondary consumer 
usually a carnivore that eat primary consumers 


simulation model 
ecosystem model that is created with computer programs to holistically 
model ecosystems and to predict the effects of environmental 


disturbances on ecosystem structure and dynamics 


tertiary consumer 
carnivore that eat other carnivores 


trophic level 
position of a species or group of species in a food chain or a food web 


Energy Flow through Ecosystems 
By the end of this section, you will be able to: 


e Describe how organisms acquire energy in a food web and in 
associated food chains 

e Explain how the efficiency of energy transfers between trophic levels 
affects ecosystem structure and dynamics 

e Discuss trophic levels and how ecological pyramids are used to model 
them 


All living things require energy in one form or another. Energy is required 
by most complex metabolic pathways (often in the form of adenosine 
triphosphate, ATP), especially those responsible for building large 
molecules from smaller compounds, and life itself is an energy-driven 
process. Living organisms would not be able to assemble macromolecules 
(proteins, lipids, nucleic acids, and complex carbohydrates) from their 
monomeric subunits without a constant energy input. 


It is important to understand how organisms acquire energy and how that 
energy is passed from one organism to another through food webs and their 
constituent food chains. Food webs illustrate how energy flows 
directionally through ecosystems, including how efficiently organisms 
acquire it, use it, and how much remains for use by other organisms of the 
food web. 


How Organisms Acquire Energy in a Food Web 


Energy is acquired by living things in three ways: photosynthesis, 
chemosynthesis, and the consumption and digestion of other living or 
previously living organisms by heterotrophs. 


Photosynthetic and chemosynthetic organisms are both grouped into a 
category known as autotrophs: organisms capable of synthesizing their own 
food (more specifically, capable of using inorganic carbon as a carbon 
source). Photosynthetic autotrophs (photoautotrophs) use sunlight as an 
energy source, whereas chemosynthetic autotrophs (chemoautotrophs) use 
inorganic molecules as an energy source. Autotrophs are critical for all 


ecosystems. Without these organisms, energy would not be available to 
other living organisms and life itself would not be possible. 


Photoautotrophs, such as plants, algae, and photosynthetic bacteria, serve as 
the energy source for a majority of the world’s ecosystems. These 
ecosystems are often described by grazing food webs. Photoautotrophs 
harness the solar energy of the sun by converting it to chemical energy in 
the form of ATP (and NADP). The energy stored in ATP is used to 
synthesize complex organic molecules, such as glucose. 


Chemoautotrophs are primarily bacteria that are found in rare ecosystems 
where sunlight is not available, such as in those associated with dark caves 
or hydrothermal vents at the bottom of the ocean ({link]). Many 
chemoautotrophs in hydrothermal vents use hydrogen sulfide (HS), which 
is released from the vents as a source of chemical energy. This allows 
chemoautotrophs to synthesize complex organic molecules, such as glucose, 
for their own energy and in turn supplies energy to the rest of the 
ecosystem. 


Swimming shrimp, a few squat lobsters, 
and hundreds of vent mussels are seen at a 
hydrothermal vent at the bottom of the 


ocean. As no sunlight penetrates to this 
depth, the ecosystem is supported by 
chemoautotrophic bacteria and organic 
material that sinks from the ocean’s 
surface. This picture was taken in 2006 at 
the submerged NW Eifuku volcano off 
the coast of Japan by the National 
Oceanic and Atmospheric Administration 
(NOAA). The summit of this highly 
active volcano lies 1535 m below the 
surface. 


Productivity within Trophic Levels 


Productivity within an ecosystem can be defined as the percentage of 
energy entering the ecosystem incorporated into biomass in a particular 
trophic level. Biomass is the total mass, in a unit area at the time of 
measurement, of living or previously living organisms within a trophic 
level. Ecosystems have characteristic amounts of biomass at each trophic 
level. For example, in the English Channel ecosystem the primary 
producers account for a biomass of 4 g/m? (grams per meter squared), while 
the primary consumers exhibit a biomass of 21 g/m. 


The productivity of the primary producers is especially important in any 
ecosystem because these organisms bring energy to other living organisms 
by photoautotrophy or chemoautotrophy. The rate at which photosynthetic 
primary producers incorporate energy from the sun is called gross primary 
productivity. An example of gross primary productivity is shown in the 
compartment diagram of energy flow within the Silver Springs aquatic 
ecosystem as shown ([link]). In this ecosystem, the total energy 
accumulated by the primary producers (gross primary productivity) was 
shown to be 20,810 kcal/m?/yr. 


Because all organisms need to use some of this energy for their own 
functions (like respiration and resulting metabolic heat loss) scientists often 


refer to the net primary productivity of an ecosystem. Net primary 
productivity is the energy that remains in the primary producers after 
accounting for the organisms’ respiration and heat loss. The net 
productivity is then available to the primary consumers at the next trophic 
level. In our Silver Spring example, 13,187 of the 20,810 kcal/m?/yr were 
used for respiration or were lost as heat, leaving 7,632 kcal/m?/yr of energy 
for use by the primary consumers. 


Ecological Efficiency: The Transfer of Energy between Trophic 
Levels 


As illustrated in [link], large amounts of energy are lost from the ecosystem 
from one trophic level to the next level as energy flows from the primary 
producers through the various trophic levels of consumers and 
decomposers. The main reason for this loss is the second law of 
thermodynamics, which states that whenever energy is converted from one 
form to another, there is a tendency toward disorder (entropy) in the system. 
In biologic systems, this means a great deal of energy is lost as metabolic 
heat when the organisms from one trophic level consume the next level. In 
the Silver Springs ecosystem example ([link]), we see that the primary 
consumers produced 1103 kcal/m?/yr from the 7618 kcal/m?/yr of energy 
available to them from the primary producers. The measurement of energy 
transfer efficiency between two successive trophic levels is termed the 
trophic level transfer efficiency (TLTE) and is defined by the formula: 
Equation: 


production at present trophic level 


TLTE = x 100 


production at previous trophic level 


In Silver Springs, the TLTE between the first two trophic levels was 
approximately 14.8 percent. The low efficiency of energy transfer between 
trophic levels is usually the major factor that limits the length of food 
chains observed in a food web. The fact is, after four to six energy transfers, 
there is not enough energy left to support another trophic level. In the Lake 
Ontario example shown in [link], only three energy transfers occurred 


between the primary producer, (green algae), and the apex consumer 
(Chinook salmon). 


Ecologists have many different methods of measuring energy transfers 
within ecosystems. Some transfers are easier or more difficult to measure 
depending on the complexity of the ecosystem and how much access 
scientists have to observe the ecosystem. In other words, some ecosystems 
are more difficult to study than others, and sometimes the quantification of 
energy transfers has to be estimated. 


Another main parameter that is important in characterizing energy flow 
within an ecosystem is the net production efficiency. Net production 
efficiency (NPE) allows ecologists to quantify how efficiently organisms of 
a particular trophic level incorporate the energy they receive into biomass; 
it is calculated using the following formula: 

Equation: 


net consumer productivity 


NPE = x 100 


assimilation 


Net consumer productivity is the energy content available to the 
organisms of the next trophic level. Assimilation is the biomass (energy 
content generated per unit area) of the present trophic level after accounting 
for the energy lost due to incomplete ingestion of food, energy used for 
respiration, and energy lost as waste. Incomplete ingestion refers to the fact 
that some consumers eat only a part of their food. For example, when a lion 
kills an antelope, it will eat everything except the hide and bones. The lion 
is missing the energy-rich bone marrow inside the bone, so the lion does not 
make use of all the calories its prey could provide. 


Thus, NPE measures how efficiently each trophic level uses and 
incorporates the energy from its food into biomass to fuel the next trophic 
level. In general, cold-blooded animals (ectotherms), such as invertebrates, 
fish, amphibians, and reptiles, use less of the energy they obtain for 
respiration and heat than warm-blooded animals (endotherms), such as 
birds and mammals. The extra heat generated in endotherms, although an 
advantage in terms of the activity of these organisms in colder 


environments, is a major disadvantage in terms of NPE. Therefore, many 
endotherms have to eat more often than ectotherms to get the energy they 
need for survival. In general, NPE for ectotherms is an order of magnitude 
(10x) higher than for endotherms. For example, the NPE for a caterpillar 
eating leaves has been measured at 18 percent, whereas the NPE for a 
squirrel eating acorns may be as low as 1.6 percent. 


The inefficiency of energy use by warm-blooded animals has broad 
implications for the world's food supply. It is widely accepted that the meat 
industry uses large amounts of crops to feed livestock, and because the NPE 
is low, much of the energy from animal feed is lost. For example, it costs 
about 1¢ to produce 1000 dietary calories (kcal) of corn or soybeans, but 
approximately $0.19 to produce a similar number of calories growing cattle 
for beef consumption. The same energy content of milk from cattle is also 
costly, at approximately $0.16 per 1000 kcal. Much of this difference is due 
to the low NPE of cattle. Thus, there has been a growing movement 
worldwide to promote the consumption of non-meat and non-dairy foods so 
that less energy is wasted feeding animals for the meat industry. 


Modeling Ecosystems Energy Flow: Ecological Pyramids 


The structure of ecosystems can be visualized with ecological pyramids, 
which were first described by the pioneering studies of Charles Elton in the 
1920s. Ecological pyramids show the relative amounts of various 
parameters (such as number of organisms, energy, and biomass) across 
trophic levels. 


Pyramids of numbers can be either upright or inverted, depending on the 
ecosystem. As shown in [link], typical grassland during the summer has a 
base of many plants and the numbers of organisms decrease at each trophic 
level. However, during the summer in a temperate forest, the base of the 
pyramid consists of few trees compared with the number of primary 
consumers, mostly insects. Because trees are large, they have great 
photosynthetic capability, and dominate other plants in this ecosystem to 
obtain sunlight. Even in smaller numbers, primary producers in forests are 
still capable of supporting other trophic levels. 


Another way to visualize ecosystem structure is with pyramids of biomass. 
This pyramid measures the amount of energy converted into living tissue at 
the different trophic levels. Using the Silver Springs ecosystem example, 
this data exhibits an upright biomass pyramid ([link]), whereas the pyramid 
from the English Channel example is inverted. The plants (primary 
producers) of the Silver Springs ecosystem make up a large percentage of 
the biomass found there. However, the phytoplankton in the English 
Channel example make up less biomass than the primary consumers, the 
zooplankton. As with inverted pyramids of numbers, this inverted pyramid 
is not due to a lack of productivity from the primary producers, but results 
from the high turnover rate of the phytoplankton. The phytoplankton are 
consumed rapidly by the primary consumers, thus, minimizing their 
biomass at any particular point in time. However, phytoplankton reproduce 
quickly, thus they are able to support the rest of the ecosystem. 


Pyramid ecosystem modeling can also be used to show energy flow through 
the trophic levels. Notice that these numbers are the same as those used in 
the energy flow compartment diagram in [link]. Pyramids of energy are 
always upright, and an ecosystem without sufficient primary productivity 
cannot be supported. All types of ecological pyramids are useful for 
characterizing ecosystem structure. However, in the study of energy flow 
through the ecosystem, pyramids of energy are the most consistent and 
representative models of ecosystem structure ((Link]). 


Note: 
Art Connection 


A. Biomass (dry mass, g/m?) 
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Ecological pyramids depict the (a) biomass, (b) number of 
organisms, and (c) energy in each trophic level. 


Pyramids depicting the number of organisms or biomass may be inverted, 
upright, or even diamond-shaped. Energy pyramids, however, are always 
upright. Why? 


Consequences of Food Webs: Biological Magnification 


One of the most important environmental consequences of ecosystem 
dynamics is biomagnification. Biomagnification is the increasing 
concentration of persistent, toxic substances in organisms at each trophic 
level, from the primary producers to the apex consumers. Many substances 
have been shown to bioaccumulate, including classical studies with the 
pesticide dichlorodiphenyltrichloroethane (DDT), which was published in 
the 1960s bestseller, Silent Spring, by Rachel Carson. DDT was a 


commonly used pesticide before its dangers became known. In some 
aquatic ecosystems, organisms from each trophic level consumed many 
organisms of the lower level, which caused DDT to increase in birds (apex 
consumers) that ate fish. Thus, the birds accumulated sufficient amounts of 
DDT to cause fragility in their eggshells. This effect increased egg breakage 
during nesting and was shown to have adverse effects on these bird 
populations. The use of DDT was banned in the United States in the 1970s. 


Other substances that biomagnify are polychlorinated biphenyls (PCBs), 
which were used in coolant liquids in the United States until their use was 
banned in 1979, and heavy metals, such as mercury, lead, and cadmium. 
These substances were best studied in aquatic ecosystems, where fish 
species at different trophic levels accumulate toxic substances brought 
through the ecosystem by the primary producers. As illustrated in a study 
performed by the National Oceanic and Atmospheric Administration 
(NOAA) in the Saginaw Bay of Lake Huron ((link]), PCB concentrations 
increased from the ecosystem’s primary producers (phytoplankton) through 
the different trophic levels of fish species. The apex consumer (walleye) has 
more than four times the amount of PCBs compared to phytoplankton. 
Also, based on results from other studies, birds that eat these fish may have 
PCB levels at least one order of magnitude higher than those found in the 
lake fish. 
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This chart shows the PCB 
concentrations found at the 
various trophic levels in the 

Saginaw Bay ecosystem of Lake 
Huron. Numbers on the x-axis 
reflect enrichment with heavy 

isotopes of nitrogen (1°N), which 
is a marker for increasing trophic 
level. Notice that the fish in the 
higher trophic levels accumulate 
more PCBs than those in lower 
trophic levels. (credit: Patricia Van 
Hoof, NOAA, GLERL) 


Other concerns have been raised by the accumulation of heavy metals, such 
as mercury and cadmium, in certain types of seafood. The United States 
Environmental Protection Agency (EPA) recommends that pregnant women 
and young children should not consume any swordfish, shark, king 
mackerel, or tilefish because of their high mercury content. These 
individuals are advised to eat fish low in mercury: salmon, tilapia, shrimp, 


pollock, and catfish. Biomagnification is a good example of how ecosystem 
dynamics can affect our everyday lives, even influencing the food we eat. 


Section Summary 


Organisms in an ecosystem acquire energy in a variety of ways, which is 
transferred between trophic levels as the energy flows from the bottom to 
the top of the food web, with energy being lost at each transfer. The 
efficiency of these transfers is important for understanding the different 
behaviors and eating habits of warm-blooded versus cold-blooded animals. 
Modeling of ecosystem energy is best done with ecological pyramids of 
energy, although other ecological pyramids provide other vital information 
about ecosystem structure. 


Art Connections 


Exercise: 


Problem: 


[link] Pyramids depicting the number of organisms or biomass may be 
inverted, upright, or even diamond-shaped. Energy pyramids, however, 
are always upright. Why? 


Solution: 


[link] Pyramids of organisms may be inverted or diamond-shaped 
because a large organism, such as a tree, can sustain many smaller 
organisms. Likewise, a low biomass of organisms can sustain a larger 
biomass at the next trophic level because the organisms reproduce 
rapidly and thus supply continuous nourishment. Energy pyramids, 
however, must always be upright because of the laws of 
thermodynamics. The first law of thermodynamics states that energy 
can neither be created nor destroyed; thus, each trophic level must 
acquire energy from the trophic level below. The second law of 
thermodynamics states that, during the transfer of energy, some energy 


is always lost as heat; thus, less energy is available at each higher 
trophic level. 


Review Questions 


Exercise: 
Problem: 


The weight of living organisms in an ecosystem at a particular point in 
time is called: 


a. energy 

b. production 
c. entropy 

d. biomass 


Solution: 


D 
Exercise: 


Problem: 


Which term describes the process whereby toxic substances increase 
along trophic levels of an ecosystem? 


a. biomassification 
b. biomagnification 
c. bioentropy 

d. heterotrophy 


Solution: 


B 


Exercise: 


Problem: 


Organisms that can make their own food using inorganic molecules are 
called: 


a. autotrophs 

b. heterotrophs 

c. photoautotrophs 
d. chemoautotrophs 


Solution: 


D 
Exercise: 


Problem: 


In the English Channel ecosystem, the number of primary producers is 
smaller than the number of primary consumers because 


a. the apex consumers have a low turnover rate 

b. the primary producers have a low turnover rate 
c. the primary producers have a high turnover rate 
d. the primary consumers have a high turnover rate 


Solution: 


C 
Exercise: 


Problem: 


What law of chemistry determines how much energy can be 
transferred when it is converted from one form to another? 


a. the first law of thermodynamics 


b. the second law of thermodynamics 
c. the conservation of matter 
d. the conservation of energy 


Solution: 


B 


Free Response 


Exercise: 


Problem: 


Compare the three types of ecological pyramids and how well they 
describe ecosystem structure. Identify which ones can be inverted and 
give an example of an inverted pyramid for each. 


Solution: 


Pyramids of numbers display the number of individual organisms on 
each trophic level. These pyramids can be either upright or inverted, 
depending on the number of the organisms. Pyramids of biomass 
display the weight of organisms at each level. Inverted pyramids of 
biomass can occur when the primary producer has a high turnover rate. 
Pyramids of energy are usually upright and are the best representation 
of energy flow and ecosystem structure. 


Exercise: 


Problem: 


How does the amount of food a warm blooded-animal (endotherm) 
eats relate to its net production efficiency (NPE)? 


Solution: 


NPE measures the rate at which one trophic level can use and make 
biomass from what it attained in the previous level, taking into account 
respiration, defecation, and heat loss. Endotherms have high 
metabolism and generate a lot of body heat. Although this gives them 
advantages in their activity level in colder temperatures, these 
organisms are 10 times less efficient at harnessing the energy from the 
food they eat compared with cold-blooded animals, and thus have to 
eat more and more often. 


Glossary 


assimilation 
biomass consumed and assimilated from the previous trophic level 
after accounting for the energy lost due to incomplete ingestion of 
food, energy used for respiration, and energy lost as waste 


biomagnification 
increasing concentrations of persistent, toxic substances in organisms 
at each trophic level, from the primary producers to the apex 
consumers 


biomass 
total weight, at the time of measurement, of living or previously living 
organisms in a unit area within a trophic level 


chemoautotroph 
organism capable of synthesizing its own food using energy from 
inorganic molecules 


ecological pyramid 
(also, Eltonian pyramid) graphical representation of different trophic 
levels in an ecosystem based of organism numbers, biomass, or energy 
content 


gross primary productivity 
rate at which photosynthetic primary producers incorporate energy 
from the sun 


net consumer productivity 
energy content available to the organisms of the next trophic level 


net primary productivity 
energy that remains in the primary producers after accounting for the 
organisms’ respiration and heat loss 


net production efficiency (NPE) 
measure of the ability of a trophic level to convert the energy it 
receives from the previous trophic level into biomass 


trophic level transfer efficiency (TLTE) 
energy transfer efficiency between two successive trophic levels 


Biogeochemical Cycles 
By the end of this section, you will be able to: 


e Discuss the biogeochemical cycles of water, carbon, nitrogen, 
phosphorus, and sulfur 

e Explain how human activities have impacted these cycles and the 
potential consequences for Earth 


Energy flows directionally through ecosystems, entering as sunlight (or 
inorganic molecules for chemoautotrophs) and leaving as heat during the 
many transfers between trophic levels. However, the matter that makes up 
living organisms is conserved and recycled. The six most common elements 
associated with organic molecules—carbon, nitrogen, hydrogen, oxygen, 
phosphorus, and sulfur—take a variety of chemical forms and may exist for 
long periods in the atmosphere, on land, in water, or beneath the Earth’s 
surface. Geologic processes, such as weathering, erosion, water drainage, 
and the subduction of the continental plates, all play a role in this recycling 
of materials. Because geology and chemistry have major roles in the study 
of this process, the recycling of inorganic matter between living organisms 
and their environment is called a biogeochemical cycle. 


Water contains hydrogen and oxygen, which is essential to all living 
processes. The hydrosphere is the area of the Earth where water movement 
and storage occurs: as liquid water on the surface and beneath the surface or 
frozen (rivers, lakes, oceans, groundwater, polar ice caps, and glaciers), and 
as water vapor in the atmosphere. Carbon is found in all organic 
macromolecules and is an important constituent of fossil fuels. Nitrogen is a 
major component of our nucleic acids and proteins and is critical to human 
agriculture. Phosphorus, a major component of nucleic acid (along with 
nitrogen), is one of the main ingredients in artificial fertilizers used in 
agriculture and their associated environmental impacts on our surface water. 
Sulfur, critical to the 3—D folding of proteins (as in disulfide binding), is 
released into the atmosphere by the burning of fossil fuels, such as coal. 


The cycling of these elements is interconnected. For example, the 
movement of water is critical for the leaching of nitrogen and phosphate 
into rivers, lakes, and oceans. Furthermore, the ocean itself is a major 
reservoir for carbon. Thus, mineral nutrients are cycled, either rapidly or 


slowly, through the entire biosphere, from one living organism to another, 
and between the biotic and abiotic world. 


Note: 
Link to Learning 
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Head to this website to learn more about biogeochemical cycles. 


The Water (Hydrologic) Cycle 


Water is the basis of all living processes. The human body is more than 1/2 
water and human cells are more than 70 percent water. Thus, most land 
animals need a supply of fresh water to survive. However, when examining 
the stores of water on Earth, 97.5 percent of it is non-potable salt water 
({link]). Of the remaining water, 99 percent is locked underground as water 
or as ice. Thus, less than 1 percent of fresh water is easily accessible from 
lakes and rivers. Many living things, such as plants, animals, and fungi, are 
dependent on the small amount of fresh surface water supply, a lack of 
which can have massive effects on ecosystem dynamics. Humans, of 
course, have developed technologies to increase water availability, such as 
digging wells to harvest groundwater, storing rainwater, and using 
desalination to obtain drinkable water from the ocean. Although this pursuit 
of drinkable water has been ongoing throughout human history, the supply 
of fresh water is still a major issue in modern times. 


Freshwater 2.5% 
(35,000,000 km?) 


Lakes and rivers 0.3% === 


Groundwater (soil moisture, swamp 
water, permafrost) 30.8% 


Glaciers and permanent snow cover 
68.9% 


Only 2.5 percent of water on Earth is fresh water, 
and less than 1 percent of fresh water is easily 
accessible to living things. 


Water cycling is extremely important to ecosystem dynamics. Water has a 
major influence on climate and, thus, on the environments of ecosystems, 
some located on distant parts of the Earth. Most of the water on Earth is 
stored for long periods in the oceans, underground, and as ice. [link] 
illustrates the average time that an individual water molecule may spend in 
the Earth’s major water reservoirs. Residence time is a measure of the 
average time an individual water molecule stays in a particular reservoir. A 
large amount of the Earth’s water is locked in place in these reservoirs as 
ice, beneath the ground, and in the ocean, and, thus, is unavailable for short- 
term cycling (only surface water can evaporate). 


Average Residence Time for Water Molecules 


| Biospheric (in living organisms) 1 week 


| Atmospheric 1.5 weeks 


| Rivers 2 weeks 
| Soil moisture 2 weeks—1 year 
"Swamps 1-10 years 


‘Lakes & reservoirs 10 years 


This graph shows the average 
residence time for water molecules 
in the Earth’s water reservoirs. 


There are various processes that occur during the cycling of water, shown in 
[link]. These processes include the following: 


e evaporation/sublimation 
¢ condensation/precipitation 
e subsurface water flow 

e surface runoff/snowmelt 

e streamflow 


The water cycle is driven by the sun’s energy as it warms the oceans and 
other surface waters. This leads to the evaporation (water to water vapor) of 
liquid surface water and the sublimation (ice to water vapor) of frozen 
water, which deposits large amounts of water vapor into the atmosphere. 
Over time, this water vapor condenses into clouds as liquid or frozen 
droplets and is eventually followed by precipitation (rain or snow), which 
returns water to the Earth’s surface. Rain eventually permeates into the 
ground, where it may evaporate again if it is near the surface, flow beneath 


the surface, or be stored for long periods. More easily observed is surface 
runoff: the flow of fresh water either from rain or melting ice. Runoff can 
then make its way through streams and lakes to the oceans or flow directly 
to the oceans themselves. 


Note: 
Link to Learning 
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Head to this website to learn more about the world’s fresh water supply. 


Rain and surface runoff are major ways in which minerals, including 
carbon, nitrogen, phosphorus, and sulfur, are cycled from land to water. The 
environmental effects of runoff will be discussed later as these cycles are 
described. 
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Groundwater storage 


Water from the land and oceans enters the atmosphere by 
evaporation or sublimation, where it condenses into clouds and 
falls as rain or snow. Precipitated water may enter freshwater 
bodies or infiltrate the soil. The cycle is complete when surface 
or groundwater reenters the ocean. (credit: modification of 
work by John M. Evans and Howard Perlman, USGS) 


The Carbon Cycle 


Carbon is the second most abundant element in living organisms. Carbon is 
present in all organic molecules, and its role in the structure of 
macromolecules is of primary importance to living organisms. Carbon 
compounds contain especially high energy, particularly those derived from 
fossilized organisms, mainly plants, which humans use as fuel. Since the 
1800s, the number of countries using massive amounts of fossil fuels has 
increased. Since the beginning of the Industrial Revolution, global demand 
for the Earth’s limited fossil fuel supplies has risen; therefore, the amount of 


carbon dioxide in our atmosphere has increased. This increase in carbon 
dioxide has been associated with climate change and other disturbances of 
the Earth’s ecosystems and is a major environmental concern worldwide. 
Thus, the “carbon footprint” is based on how much carbon dioxide is 
produced and how much fossil fuel countries consume. 


The carbon cycle is most easily studied as two interconnected sub-cycles: 
one dealing with rapid carbon exchange among living organisms and the 
other dealing with the long-term cycling of carbon through geologic 
processes. The entire carbon cycle is shown in [link]. 


Ey J 
—r,, Microbial respiration <t— 
and decomposition ~ 


Fossil carbon | 


Carbon dioxide gas exists in the atmosphere and is dissolved in 
water. Photosynthesis converts carbon dioxide gas to organic 
carbon, and respiration cycles the organic carbon back into 
carbon dioxide gas. Long-term storage of organic carbon 
occurs when matter from living organisms is buried deep 
underground and becomes fossilized. Volcanic activity and, 
more recently, human emissions, bring this stored carbon back 


into the carbon cycle. (credit: modification of work by John M. 
Evans and Howard Perlman, USGS) 


Note: 
Link to Learning 
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Click this link to read information about the United States Carbon Cycle 
Science Program. 


The Biological Carbon Cycle 


Living organisms are connected in many ways, even between ecosystems. 
A good example of this connection is the exchange of carbon between 
autotrophs and heterotrophs within and between ecosystems by way of 
atmospheric carbon dioxide. Carbon dioxide is the basic building block that 
most autotrophs use to build multi-carbon, high energy compounds, such as 
glucose. The energy harnessed from the sun is used by these organisms to 
form the covalent bonds that link carbon atoms together. These chemical 
bonds thereby store this energy for later use in the process of respiration. 
Most terrestrial autotrophs obtain their carbon dioxide directly from the 
atmosphere, while marine autotrophs acquire it in the dissolved form 
(carbonic acid, H»CO3 ). However carbon dioxide is acquired, a by-product 
of the process is oxygen. The photosynthetic organisms are responsible for 
depositing approximately 21 percent oxygen content of the atmosphere that 
we observe today. 


Heterotrophs and autotrophs are partners in biological carbon exchange 
(especially the primary consumers, largely herbivores). Heterotrophs 
acquire the high-energy carbon compounds from the autotrophs by 
consuming them, and breaking them down by respiration to obtain cellular 
energy, such as ATP. The most efficient type of respiration, aerobic 
respiration, requires oxygen obtained from the atmosphere or dissolved in 
water. Thus, there is a constant exchange of oxygen and carbon dioxide 
between the autotrophs (which need the carbon) and the heterotrophs 
(which need the oxygen). Gas exchange through the atmosphere and water 
is one way that the carbon cycle connects all living organisms on Earth. 


The Biogeochemical Carbon Cycle 


The movement of carbon through the land, water, and air is complex, and in 
many cases, it occurs much more slowly geologically than as seen between 
living organisms. Carbon is stored for long periods in what are known as 
carbon reservoirs, which include the atmosphere, bodies of liquid water 
(mostly oceans), ocean sediment, soil, land sediments (including fossil 
fuels), and the Earth’s interior. 


As stated, the atmosphere is a major reservoir of carbon in the form of 
carbon dioxide and is essential to the process of photosynthesis. The level 
of carbon dioxide in the atmosphere is greatly influenced by the reservoir of 
carbon in the oceans. The exchange of carbon between the atmosphere and 
water reservoirs influences how much carbon is found in each location, and 
each one affects the other reciprocally. Carbon dioxide (CO) from the 
atmosphere dissolves in water and combines with water molecules to form 
carbonic acid, and then it ionizes to carbonate and bicarbonate ions ([link]) 


Step 2: CO (dissolved) + HzO = H2CO3 (carbonic acid) 


Step 4: HCO3- = H* + CO 3% (carbonate ion) 


Carbon dioxide reacts with water 
to form bicarbonate and carbonate 
ions. 


The equilibrium coefficients are such that more than 90 percent of the 
carbon in the ocean is found as bicarbonate ions. Some of these ions 
combine with seawater calcium to form calcium carbonate (CaCOs3), a 
major component of marine organism shells. These organisms eventually 
form sediments on the ocean floor. Over geologic time, the calcium 
carbonate forms limestone, which comprises the largest carbon reservoir on 
Earth. 


On land, carbon is stored in soil as a result of the decomposition of living 
organisms (by decomposers) or from weathering of terrestrial rock and 
minerals. This carbon can be leached into the water reservoirs by surface 
runoff. Deeper underground, on land and at sea, are fossil fuels: the 
anaerobically decomposed remains of plants that take millions of years to 
form. Fossil fuels are considered a non-renewable resource because their 
use far exceeds their rate of formation. A non-renewable resource, such as 
fossil fuel, is either regenerated very slowly or not at all. Another way for 
carbon to enter the atmosphere is from land (including land beneath the 
surface of the ocean) by the eruption of volcanoes and other geothermal 
systems. Carbon sediments from the ocean floor are taken deep within the 
Earth by the process of subduction: the movement of one tectonic plate 
beneath another. Carbon is released as carbon dioxide when a volcano 
erupts or from volcanic hydrothermal vents. 


Carbon dioxide is also added to the atmosphere by the animal husbandry 
practices of humans. The large numbers of land animals raised to feed the 
Earth’s growing population results in increased carbon dioxide levels in the 
atmosphere due to farming practices and the respiration and methane 
production. This is another example of how human activity indirectly 
affects biogeochemical cycles in a significant way. Although much of the 
debate about the future effects of increasing atmospheric carbon on climate 
change focuses on fossils fuels, scientists take natural processes, such as 


volcanoes and respiration, into account as they model and predict the future 
impact of this increase. 


The Nitrogen Cycle 


Getting nitrogen into the living world is difficult. Plants and phytoplankton 
are not equipped to incorporate nitrogen from the atmosphere (which exists 
as tightly bonded, triple covalent Nz) even though this molecule comprises 
approximately 78 percent of the atmosphere. Nitrogen enters the living 
world via free-living and symbiotic bacteria, which incorporate nitrogen 
into their macromolecules through nitrogen fixation (conversion of N>). 
Cyanobacteria live in most aquatic ecosystems where sunlight is present; 
they play a key role in nitrogen fixation. Cyanobacteria are able to use 
inorganic sources of nitrogen to “fix” nitrogen. Rhizobium bacteria live 
symbiotically in the root nodules of legumes (such as peas, beans, and 
peanuts) and provide them with the organic nitrogen they need. Free-living 
bacteria, such as Azotobacter, are also important nitrogen fixers. 


Organic nitrogen is especially important to the study of ecosystem 
dynamics since many ecosystem processes, such as primary production and 
decomposition, are limited by the available supply of nitrogen. As shown in 
[link], the nitrogen that enters living systems by nitrogen fixation is 
successively converted from organic nitrogen back into nitrogen gas by 
bacteria. This process occurs in three steps in terrestrial systems: 
ammonification, nitrification, and denitrification. First, the ammonification 
process converts nitrogenous waste from living animals or from the remains 
of dead animals into ammonium (NH,°) by certain bacteria and fungi. 
Second, the ammonium is converted to nitrites (NO, _) by nitrifying 
bacteria, such as Nitrosomonas, through nitrification. Subsequently, nitrites 
are converted to nitrates (NO3_) by similar organisms. Third, the process of 
denitrification occurs, whereby bacteria, such as Pseudomonas and 
Clostridium, convert the nitrates into nitrogen gas, allowing it to re-enter 
the atmosphere. 


Note: 


Denitrification 
by bacteria 


Nitrification by Nitrogenous 
bacteria to NO; wastes in soil 


* 


So. Ammonification Nitrogen 
Nitrification by 4 __ ) by bacteria and <A _ fixation 


bacteria to NOz »~Y 


fungi to NH, ~ _ by bacteria 


Nitrogen enters the living world from the atmosphere via 
nitrogen-fixing bacteria. This nitrogen and nitrogenous waste 
from animals is then processed back into gaseous nitrogen by 
soil bacteria, which also supply terrestrial food webs with the 

organic nitrogen they need. (credit: modification of work by 
John M. Evans and Howard Perlman, USGS) 


Which of the following statements about the nitrogen cycle is false? 


a. Ammonification converts organic nitrogenous matter from living 
organisms into ammonium (NH,"). 

b. Denitrification by bacteria converts nitrates (NO3 _) to nitrogen gas 
(Np). 

c. Nitrification by bacteria converts nitrates (NO3 ) to nitrites (NO> ). 

d. Nitrogen fixing bacteria convert nitrogen gas (N>) into organic 
compounds. 


Human activity can release nitrogen into the environment by two primary 
means: the combustion of fossil fuels, which releases different nitrogen 
oxides, and by the use of artificial fertilizers in agriculture, which are then 
washed into lakes, streams, and rivers by surface runoff. Atmospheric 
nitrogen is associated with several effects on Earth’s ecosystems including 
the production of acid rain (as nitric acid, HNO3) and greenhouse gas (as 
nitrous oxide, N»O) potentially causing climate change. A major effect from 
fertilizer runoff is saltwater and freshwater eutrophication, a process 
whereby nutrient runoff causes the excess growth of microorganisms, 
depleting dissolved oxygen levels and killing ecosystem fauna. 


A similar process occurs in the marine nitrogen cycle, where the 
ammonification, nitrification, and denitrification processes are performed 
by marine bacteria. Some of this nitrogen falls to the ocean floor as 
sediment, which can then be moved to land in geologic time by uplift of the 
Earth’s surface and thereby incorporated into terrestrial rock. Although the 
movement of nitrogen from rock directly into living systems has been 
traditionally seen as insignificant compared with nitrogen fixed from the 
atmosphere, a recent study showed that this process may indeed be 
significant and should be included in any study of the global nitrogen cycle. 
[footnote] 

Scott L. Morford, Benjamin Z. Houlton, and Randy A. Dahlgren, 
“Increased Forest Ecosystem Carbon and Nitrogen Storage from Nitrogen 
Rich Bedrock,” Nature 477, no. 7362 (2011): 78-81. 


The Phosphorus Cycle 


Phosphorus is an essential nutrient for living processes; it is a major 
component of nucleic acid and phospholipids, and, as calcium phosphate, 
makes up the supportive components of our bones. Phosphorus is often the 
limiting nutrient (necessary for growth) in aquatic ecosystems ({link]). 


Phosphorus occurs in nature as the phosphate ion (PO,° ). In addition to 
phosphate runoff as a result of human activity, natural surface runoff occurs 
when it is leached from phosphate-containing rock by weathering, thus 
sending phosphates into rivers, lakes, and the ocean. This rock has its 
origins in the ocean. Phosphate-containing ocean sediments form primarily 


from the bodies of ocean organisms and from their excretions. However, in 
remote regions, volcanic ash, aerosols, and mineral dust may also be 
significant phosphate sources. This sediment then is moved to land over 
geologic time by the uplifting of areas of the Earth’s surface. 


Phosphorus is also reciprocally exchanged between phosphate dissolved in 
the ocean and marine ecosystems. The movement of phosphate from the 
ocean to the land and through the soil is extremely slow, with the average 
phosphate ion having an oceanic residence time between 20,000 and 
100,000 years. 


In nature, phosphorus exists as the phosphate ion (PO? ). 
Weathering of rocks and volcanic activity releases phosphate 
into the soil, water, and air, where it becomes available to 
terrestrial food webs. Phosphate enters the oceans via surface 
runoff, groundwater flow, and river flow. Phosphate dissolved 
in ocean water cycles into marine food webs. Some phosphate 
from the marine food webs falls to the ocean floor, where it 


forms sediment. (credit: modification of work by John M. 
Evans and Howard Perlman, USGS) 


Excess phosphorus and nitrogen that enters these ecosystems from fertilizer 
runoff and from sewage causes excessive growth of microorganisms and 
depletes the dissolved oxygen, which leads to the death of many ecosystem 
fauna, such as shellfish and finfish. This process is responsible for dead 
zones in lakes and at the mouths of many major rivers ((link]). 


Particulate Organic Carbon (mg/m') Population Density (persons/km’) Dead Zone Size (km’) 
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Dead zones occur when phosphorus and nitrogen from 
fertilizers cause excessive growth of microorganisms, which 
depletes oxygen and kills fauna. Worldwide, large dead zones 
are found in coastal areas of high population density. (credit: 
NASA Earth Observatory) 


A dead zone is an area within a freshwater or marine ecosystem where 
large areas are depleted of their normal flora and fauna; these zones can be 
caused by eutrophication, oil spills, dumping of toxic chemicals, and other 
human activities. The number of dead zones has been increasing for several 
years, and more than 400 of these zones were present as of 2008. One of the 
worst dead zones is off the coast of the United States in the Gulf of Mexico, 
where fertilizer runoff from the Mississippi River basin has created a dead 
zone of over 8463 square miles. Phosphate and nitrate runoff from 
fertilizers also negatively affect several lake and bay ecosystems including 
the Chesapeake Bay in the eastern United States. 


Note: 
Everyday Connection 
Chesapeake Bay 


(a) 


This (a) satellite image shows 
the Chesapeake Bay, an 
ecosystem affected by 
phosphate and nitrate runoff. A 
(b) member of the Army Corps 
of Engineers holds a clump of 
oysters being used as a part of 
the oyster restoration effort in 


the bay. (credit a: modification 
of work by NASA/MODIS; 
credit b: modification of work 
by U.S. Army) 


The Chesapeake Bay has long been valued as one of the most scenic areas 
on Earth; it is now in distress and is recognized as a declining ecosystem. 
In the 1970s, the Chesapeake Bay was one of the first ecosystems to have 
identified dead zones, which continue to kill many fish and bottom- 
dwelling species, such as clams, oysters, and worms. Several species have 
declined in the Chesapeake Bay due to surface water runoff containing 
excess nutrients from artificial fertilizer used on land. The source of the 
fertilizers (with high nitrogen and phosphate content) is not limited to 
agricultural practices. There are many nearby urban areas and more than 
150 rivers and streams empty into the bay that are carrying fertilizer runoff 
from lawns and gardens. Thus, the decline of the Chesapeake Bay is a 
complex issue and requires the cooperation of industry, agriculture, and 
everyday homeowners. 

Of particular interest to conservationists is the oyster population; it is 
estimated that more than 200,000 acres of oyster reefs existed in the bay in 
the 1700s, but that number has now declined to only 36,000 acres. Oyster 
harvesting was once a major industry for Chesapeake Bay, but it declined 
88 percent between 1982 and 2007. This decline was due not only to 
fertilizer runoff and dead zones but also to overharvesting. Oysters require 
a certain minimum population density because they must be in close 
proximity to reproduce. Human activity has altered the oyster population 
and locations, greatly disrupting the ecosystem. 

The restoration of the oyster population in the Chesapeake Bay has been 
ongoing for several years with mixed success. Not only do many people 
find oysters good to eat, but they also clean up the bay. Oysters are filter 
feeders, and as they eat, they clean the water around them. In the 1700s, it 
was estimated that it took only a few days for the oyster population to filter 
the entire volume of the bay. Today, with changed water conditions, it is 
estimated that the present population would take nearly a year to do the 
same job. 


Restoration efforts have been ongoing for several years by non-profit 
organizations, such as the Chesapeake Bay Foundation. The restoration 
goal is to find a way to increase population density so the oysters can 
reproduce more efficiently. Many disease-resistant varieties (developed at 
the Virginia Institute of Marine Science for the College of William and 
Mary) are now available and have been used in the construction of 
experimental oyster reefs. Efforts to clean and restore the bay by Virginia 
and Delaware have been hampered because much of the pollution entering 
the bay comes from other states, which stresses the need for inter-state 
cooperation to gain successful restoration. 

The new, hearty oyster strains have also spawned a new and economically 
viable industry—oyster aquaculture—which not only supplies oysters for 
food and profit, but also has the added benefit of cleaning the bay. 


The Sulfur Cycle 


Sulfur is an essential element for the macromolecules of living things. As a 
part of the amino acid cysteine, it is involved in the formation of disulfide 
bonds within proteins, which help to determine their 3-D folding patterns, 
and hence their functions. As shown in [link], sulfur cycles between the 
oceans, land, and atmosphere. Atmospheric sulfur is found in the form of 
sulfur dioxide (SO>) and enters the atmosphere in three ways: from the 
decomposition of organic molecules, from volcanic activity and geothermal 
vents, and from the burning of fossil fuels by humans. 


The SUL CY GLE 


~~ 
Runoff 


Decomposition 


Soil sulfates 4 
(SO,7) : 


Sulfur dioxide from the atmosphere becomes available to 
terrestrial and marine ecosystems when it is dissolved in 
precipitation as weak sulfuric acid or when it falls directly to 
the Earth as fallout. Weathering of rocks also makes sulfates 
available to terrestrial ecosystems. Decomposition of living 
organisms returns sulfates to the ocean, soil and atmosphere. 
(credit: modification of work by John M. Evans and Howard 
Perlman, USGS) 


On land, sulfur is deposited in four major ways: precipitation, direct fallout 
from the atmosphere, rock weathering, and geothermal vents ([link]). 
Atmospheric sulfur is found in the form of sulfur dioxide (SO>), and as rain 
falls through the atmosphere, sulfur is dissolved in the form of weak 
sulfuric acid (H2SO,). Sulfur can also fall directly from the atmosphere in a 
process called fallout. Also, the weathering of sulfur-containing rocks 
releases sulfur into the soil. These rocks originate from ocean sediments 
that are moved to land by the geologic uplifting of ocean sediments. 


Terrestrial ecosystems can then make use of these soil sulfates (SO,-), and 
upon the death and decomposition of these organisms, release the sulfur 
back into the atmosphere as hydrogen sulfide (H2S) gas. 


At this sulfur vent in Lassen 
Volcanic National Park in 
northeastern California, the 
yellowish sulfur deposits are visible 
near the mouth of the vent. 


Sulfur enters the ocean via runoff from land, from atmospheric fallout, and 
from underwater geothermal vents. Some ecosystems ([link]) rely on 
chemoautotrophs using sulfur as a biological energy source. This sulfur 
then supports marine ecosystems in the form of sulfates. 


Human activities have played a major role in altering the balance of the 
global sulfur cycle. The burning of large quantities of fossil fuels, especially 
from coal, releases larger amounts of hydrogen sulfide gas into the 
atmosphere. As rain falls through this gas, it creates the phenomenon 
known as acid rain. Acid rain is corrosive rain caused by rainwater falling 
to the ground through sulfur dioxide gas, turning it into weak sulfuric acid, 


which causes damage to aquatic ecosystems. Acid rain damages the natural 
environment by lowering the pH of lakes, which kills many of the resident 
fauna; it also affects the man-made environment through the chemical 
degradation of buildings. For example, many marble monuments, such as 
the Lincoln Memorial in Washington, DC, have suffered significant damage 
from acid rain over the years. These examples show the wide-ranging 
effects of human activities on our environment and the challenges that 
remain for our future. 


Note: 
Link to Learning 
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Click this link to learn more about global climate change. 


Section Summary 


Mineral nutrients are cycled through ecosystems and their environment. Of 
particular importance are water, carbon, nitrogen, phosphorus, and sulfur. 
All of these cycles have major impacts on ecosystem structure and function. 
As human activities have caused major disturbances to these cycles, their 
study and modeling is especially important. A variety of human activities, 
such as pollution, oil spills, and events) have damaged ecosystems, 
potentially causing global climate change. The health of Earth depends on 
understanding these cycles and how to protect the environment from 
irreversible damage. 


Art Connections 


Exercise: 


Problem: 


[link] Which of the following statements about the nitrogen cycle is 
false? 


a. Ammonification converts organic nitrogenous matter from living 
organisms into ammonium (NH,"). 

b. Denitrification by bacteria converts nitrates (NO3 _) to nitrogen 
gas (Np). 

c. Nitrification by bacteria converts nitrates (NO3 ) to nitrites 
(NO, ). 

d. Nitrogen fixing bacteria convert nitrogen gas (N>) into organic 
compounds. 


Solution: 
[link] C: Nitrification by bacteria converts nitrates (NO3_) to nitrites 
(NO> ). 

Review Questions 


Exercise: 
Problem: 


The movement of mineral nutrients through organisms and their 
environment is called a cycle. 


a. biological 

b. bioaccumulation 
c. biogeochemical 
d. biochemical 


Solution: 


C 


Exercise: 


Problem:Carbon is present in the atmosphere as 


a. carbon dioxide 
b. carbonate ion 

c. carbon dust 

d. carbon monoxide 


Solution: 


A 


Exercise: 


Problem:The majority of water found on Earth is: 


a. ice 

b. water vapor 
c. fresh water 
d. salt water 


Solution: 


D 
Exercise: 


Problem: 


The average time a molecule spends in its reservoir is known as 


a. residence time 
b. restriction time 
c. resilience time 


d. storage time 


Solution: 


A 
Exercise: 


Problem: 


The process whereby oxygen is depleted by the growth of 
microorganisms due to excess nutrients in aquatic systems is called 


a. dead zoning 
b. eutrophication 
c. retrofication 
d. depletion 


Solution: 


B 
Exercise: 


Problem: 


The process whereby nitrogen is brought into organic molecules is 
called 


a. nitrification 

b. denitrification 

c. nitrogen fixation 
d. nitrogen cycling 


Solution: 


c 


Free Response 


Exercise: 


Problem: 
Describe nitrogen fixation and why it is important to agriculture. 
Solution: 


Nitrogen fixation is the process of bringing nitrogen gas from the 
atmosphere and incorporating it into organic molecules. Most plants do 
not have this capability and must rely on free-living or symbiotic 
bacteria to do this. As nitrogen is often the limiting nutrient in the 
growth of crops, farmers make use of artificial fertilizers to provide a 
nitrogen source to the plants as they grow. 


Exercise: 


Problem: 


What are the factors that cause dead zones? Describe eutrophication, in 
particular, as a cause. 


Solution: 


Many factors can kill life in a lake or ocean, such as eutrophication by 
nutrient-rich surface runoff, oil spills, toxic waste spills, changes in 
climate, and the dumping of garbage into the ocean. Eutrophication is 
a result of nutrient-rich runoff from land using artificial fertilizers high 
in nitrogen and phosphorus. These nutrients cause the rapid and 
excessive growth of microorganisms, which deplete local dissolved 
oxygen and kill many fish and other aquatic organisms. 


Exercise: 


Problem: 


Why are drinking water supplies still a major concern for many 
countries? 


Solution: 


Most of the water on Earth is salt water, which humans cannot drink 
unless the salt is removed. Some fresh water is locked in glaciers and 
polar ice caps, or is present in the atmosphere. The Earth’s water 
supplies are threatened by pollution and exhaustion. The effort to 
supply fresh drinking water to the planet’s ever-expanding human 
population is seen as a major challenge in this century. 


Glossary 


acid rain 
corrosive rain caused by rainwater falling to the ground through sulfur 
dioxide gas, turning it into weak sulfuric acid; can damage structures 
and ecosystems 


biogeochemical cycle 
cycling of mineral nutrients through ecosystems and through the non- 
living world 


dead zone 
area within an ecosystem in lakes and near the mouths of rivers where 
large areas of ecosystems are depleted of their normal flora and fauna; 
these zones can be caused by eutrophication, oil spills, dumping of 
toxic chemicals, and other human activities 


eutrophication 
process whereby nutrient runoff causes the excess growth of 
microorganisms, depleting dissolved oxygen levels and killing 
ecosystem fauna 


fallout 


direct deposit of solid minerals on land or in the ocean from the 
atmosphere 


hydrosphere 
area of the Earth where water movement and storage occurs 


non-renewable resource 
resource, such as fossil fuel, that is either regenerated very slowly or 
not at all 


residence time 
measure of the average time an individual water molecule stays in a 
particular reservoir 


subduction 
movement of one tectonic plate beneath another 


Biogeochemical Cycles and the Flow of Energy in the Earth System 

In this module, the following topics will be covered: 1) biogeochemical 
cycle, 2) the natural cycles of carbon, water, and nitrogen, and 3) important 
ways human activity disrupts those cycles. 


Learning Objectives 
After reading this module, students should be able to 


e explain the concept of a biogeochemical cycle, incorporating the terms 
"pool" and "flux" 

e describe the natural cycles of carbon, water, and nitrogen 

e name some of the important ways human activity disrupts those cycles 


Introduction 


If people are to live sustainably, they will need to understand the processes 
that control the availability and stability of the ecosystem services on which 
their well-being depends. Chief among these processes are the 
biogeochemical cycles that describehow chemical elements (e.g. nitrogen, 
carbon) or molecules (e.g. water) are transformed and stored by both 
physical and biological components of the Earth system. Storage occurs in 
pools, which are amounts of material that share some common 
characteristic and are relatively uniform in nature, e.g. the pool of carbon 
found as carbon dioxide (CO>) in the atmosphere. Transformations or flows 
of materials from one pool to another in the cycle are described as fluxes; 
for example, the movement of water from the soil to the atmosphere 
resulting from evaporation is a flux. Physical components of the earth 
system are nonliving factors such as rocks, minerals, water, climate, air, and 
energy. Biological components of the earth system include all living 
organisms, e.g. plants, animals and microbes. Both the physical and 
biological components of the earth system have varied over geological time. 
Some landmark changes include the colonization of the land by plants 
(~400 million years ago), the evolution of mammals (~200 million years 
ago), the evolution of modern humans (~200 thousand years ago) and the 
end of the last ice age (~10 thousand years ago). The earth system and its 
biogeochemical cycles were relatively stable from the end of the last ice age 


until the Industrial Revolution of the eighteenth and nineteenth centuries 
initiated a significant and ongoing rise in human population and activity. 
Today, anthropogenic (human) activities are altering all major ecosystems 
and the biogeochemical cycles they drive. Many chemical elements and 
molecules are critical to life on earth, but the biogeochemical cycling of 
carbon, water, and nitrogen are most critical to human well-being and the 
natural world. 


The Natural Carbon Cycle 


Most of the carbon on Earth is stored in sedimentary rocks and does not 
play a significant role in the carbon cycle on the timescale of decades to 
centuries. The atmospheric pool of COs is smaller [containing 800 GtC 
(gigatonnes of carbon) = 800,000,000,000 tonnes] but is very important 
because it is a greenhouse gas. The sun emits short-wave radiation that 
passes through the atmosphere, is absorbed by the Earth, and re-emitted as 
long-wave radiation. Greenhouse gases in the atmosphere absorb this long- 
wave radiation causing them, and the atmosphere, to warm. The retention of 
heat in the atmosphere increases and stabilizes the average temperature, 
making Earth habitable for life. More than a quarter of the atmospheric CO, 
pool is absorbed each year through the process of photosynthesis by a 
combination of plants on land (120 GtC) and at sea (90 GtC). 
Photosynthesis is the process in which plants use energy from sunlight to 
combine CO, from the atmosphere with water to make sugars, and in turn 
build biomass. Almost as much carbon is stored in terrestrial plant biomass 
(550 GtC) as in the atmospheric CO, pool. On land, biomass that has been 
incorporated into soil forms a relatively large pool (2300 GtC). At sea, the 
phytoplankton that perform photosynthesis sink after they die, transporting 
organic carbon to deeper layers that then either are preserved in ocean 
sediments or decomposed into a very large dissolved inorganic carbon pool 
(37,000 GtC). Plants are called primary producers because they are the 
primary entry point of carbon into the biosphere. In other words, almost all 
animals and microbes depend either directly or indirectly on plants as a 
source of carbon for energy and growth. All organisms, including plants, 
release CO, to the atmosphere as a by-product of generating energy and 
synthesizing biomass through the process of respiration. The natural 
carbon cycle is balanced on both land and at sea, with plant respiration and 


microbial respiration (much of it associated with decomposition, or rotting 
of dead organisms) releasing the same amount of CO, as is removed from 
the atmosphere through photosynthesis. 
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The Carbon Cycle. Figure illustrates the carbon cycle on, above, and 
below the Earth's surface. Source: | 


Human Interactions with The Carbon Cycle 


The global carbon cycle contributes substantially to the provisioning 
ecosystem services upon which humans depend. We harvest approximately 
25% of the total plant biomass that is produced each year on the land 
surface to supply food, fuel wood and fiber from croplands, pastures and 
forests. In addition, the global carbon cycle plays a key role in regulating 
ecosystem services because it significantly influences climate via its effects 
on atmospheric CO, concentrations. Atmospheric CO, concentration 
increased from 280 parts per million (ppm) to 390 ppm between the start of 
industrial revolution in the late eighteenth century and 2010. This reflected 
a new flux in the global carbon cycle —anthropogenic CO2 emissions— 
where humans release CO> into the atmosphere by burning fossil fuels and 
changing land use. Fossil fuel burning takes carbon from coal, gas, and oil 
reserves, where it would be otherwise stored on very long time scales, and 
introduces it into the active carbon cycle. Land use change releases carbon 
from soil and plant biomass pools into the atmosphere, particularly through 
the process of deforestation for wood extraction or conversion of land to 
agriculture. In 2009, the additional flux of carbon into the atmosphere from 
anthropogenic sources was estimated to be 9 GtC—a significant disturbance 
to the natural carbon cycle that had been in balance for several thousand 
years previously. Slightly more than half of this anthropogenic CO, is 
currently being absorbed by greater photosynthesis by plants on land and at 
sea (5 GtC). However, that means 4 GtC is being added to the atmospheric 
pool each year and, while total emissions are increasing, the proportion 
absorbed by photosynthesis and stored on land and in the oceans is 
declining (Le Quere et al., 2009). Rising atmospheric CO, concentrations in 
the twentieth century caused increases in temperature and started to alter 
other aspects of the global environment. Global environmental change has 
already caused a measurable decrease in the global harvest of certain crops. 
The scale and range of impacts from global environmental change of 
natural and agricultural ecosystems is projected to increase over the twenty- 
first century, and will pose a major challenge to human well-being. 


The Natural Water Cycle 


The vast majority of water on Earth is saline (salty) and stored in the 
oceans. Meanwhile, most of the world's fresh water is in the form of ice, 
snow, and groundwater. This means a significant fraction of the water pool 
is largely isolated from the water cycle. The major long-term stores of fresh 
water include ice sheets in Antarctica and Greenland, as well as 
groundwater pools that were filled during wetter periods of past geological 
history. In contrast, the water stored in rivers, lakes, and ocean surface is 
relatively rapidly cycled as it evaporates into the atmosphere and then falls 
back to the surface as precipitation. The atmospheric pool of water turns 
over most rapidly because it is small compared to the other pools (e.g. 
<15% of the freshwater lake pool). Evaporation is the process whereby 
water is converted from a liquid into a vapor as a result of absorbing energy 
(usually from solar radiation). Evaporation from vegetated land is referred 
to as evapotranspiration because it includes water transpired by plants, i.e. 
water taken up from the soil by roots, transported to leaves and evaporated 
from leaf surfaces into the atmosphere via stomatal pores. Precipitation is 
the conversion of atmospheric water from vapor into liquid (rain) or solid 
forms (snow, hail) that then fall to Earth's surface. Some water from 
precipitation moves over the land surface by surface runoff and 
streamflow, while other water from precipitation infiltrates the soil and 
moves below the surface as groundwater discharge. Water vapor in the 
atmosphere is commonly moved away from the source of evaporation by 
wind and the movement of air masses. Consequently, most water falling as 
precipitation comes from a source of evaporation that is located upwind. 
Nonetheless, local sources of evaporation can contribute as much as 25- 
33% of water in precipitation. 
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The Water Cycle. Figure illustrates the water cycle on, 
above, and below the Earth's surface. Source: U.S. 
Department of the Interior and U.S. Geological Survey, The 
Water Cycle. 


Human Interactions with The Water Cycle 


Freshwater supply is one of the most important provisioning ecosystem 
services on which human well-being depends. By 2000, the rate of our 
water extraction from rivers and aquifers had risen to almost 4000 cubic 
kilometers per year. The greatest use of this water is for irrigation in 
agriculture, but significant quantities of water are also extracted for public 
and municipal use, as well as industrial applications and power generation. 
Other major human interventions in the water cycle involve changes in land 
cover and infrastructure development of river networks. As we have 
deforested areas for wood supply and agricultural development we have 


reduced the amount of vegetation, which naturally acts to trap precipitation 
as it falls and slow the rate of infiltration into the ground. As a 
consequence, surface runoff has increased. This, in turn, means flood peaks 
are greater and erosion is increased. Erosion lowers soil quality and 
deposits sediment in river channels, where it can block navigation and harm 
aquatic plants and animals. Where agricultural land is also drained these 
effects can be magnified. Urbanization also accelerates streamflow by 
preventing precipitation from filtering into the soil and shunting it into 
drainage systems. Additional physical infrastructure has been added to river 
networks with the aim of altering the volume, timing, and direction of water 
flows for human benefit. This is achieved with reservoirs, weirs, and 
diversion channels. For example, so much water is removed or redirected 
from the Colorado River in the western United States that, despite its 
considerable size, in some years it is dry before reaching the sea in Mexico. 
We also exploit waterways through their use for navigation, recreation, 
hydroelectricity generation and waste disposal. These activities, especially 
waste disposal, do not necessarily involve removal of water, but do have 
impacts on water quality and water flow that have negative consequences 
for the physical and biological properties of aquatic ecosystems. 


The water cycle is key to the ecosystem service of climate regulation as 
well as being an essential supporting service that impacts the function of all 
ecosystems. Consider the widespread impacts on diverse natural and human 
systems when major droughts or floods occur. Consequently, human 
disruptions of the natural water cycle have many undesirable effects and 
challenge sustainable development. There are two major concerns. First, the 
need to balance rising human demand with the need to make our water use 
sustainable by reversing ecosystem damage from excess removal and 
pollution of water. Traditionally, considerable emphasis has been on finding 
and accessing more supply, but the negative environmental impacts of this 
approach are now appreciated, and improving the efficiency of water use is 
now a major goal. Second, there is a need for a safe water supply in many 
parts of the world, which depends on reducing water pollution and 
improving water treatment facilities. 


The Natural Nitrogen Cycle 


The vast majority of nitrogen on Earth is held in rocks and plays a minor 
role in the nitrogen cycle. The second largest pool of nitrogen is in the 
atmosphere. Most atmospheric nitrogen is in the form of N> gas, and most 
organisms are unable to access it. This is significant because nitrogen is an 
essential component of all cells—for instance, in protein, RNA, and DNA 
—and nitrogen availability frequently limits the productivity of crops and 
natural vegetation. Atmospheric nitrogen is made available to plants in two 
ways. Certain microbes are capable of biological nitrogen fixation, 
whereby N> is converted into ammonium, a form of nitrogen that plants can 
access. Many of these microbes have formed symbiotic relationships with 
plants—they live within the plant tissue and use carbon supplied by the 
plant as an energy source, and in return they share ammonia produced by 
nitrogen fixation. Well-known examples of plants that do this are peas and 
beans. Some microbes that live in the soil are also capable of nitrogen 
fixation, but many are found in a zone very close to roots, where significant 
carbon sources are released from the plant. Together these biological 
nitrogen fixing processes on land, coupled with others that take place at sea, 
generate an annual flux out of the atmosphere of approximately 200 MtN 
(megatonnnes of nitrogen or 200,000,000 tonnes of nitrogen). Lightning 
causes nitrogen and oxygen in the atmosphere to react and produce nitrous 
oxides that fall or are washed out of the atmosphere by rain and into the 
soil, but the is flux is much smaller (30 MtN per year at most) than 
biological nitrogen fixation. 


While the inputs of nitrogen from the atmosphere to the biosphere are 
important, the majority (90%) of nitrogen used by plants for growth each 
year comes from ammonification of organic material. Organic material is 
matter that comes from once-living organisms. Ammonification (or 
mineralization) is the release of anmonia by decomposers (bacteria and 
fungi) when they break down the complex nitrogen compounds in organic 
material. Plants are able to absorb (assimilate) this ammonia, as well as 
nitrates, which are made available by bacterial nitrification. The cycle of 
nitrogen incorporation in growing plant tissues and nitrogen release by 
bacteria from decomposing plant tissues is the dominant feature of the 
nitrogen cycle and occurs very efficiently. Nitrogen can be lost from the 
system in three main ways. First, denitrifying bacteria convert nitrates to 
nitrous oxide or N> gases that are released back to the atmosphere. 


Denitrification occurs when the bacteria grow under oxygen-depleted 
conditions, and is therefore favored by wet and waterlogged soils. 
Denitrification rates almost match biological nitrogen fixation rates, with 
wetlands making the greatest contribution. Second, nitrates are washed out 
of soil in drainage water (leaching) and into rivers and the ocean. Third, 
nitrogen is also cycled back into the atmosphere when organic material 
burns. 
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The Nitrogen Cycle. Figure illustrates the nitrogen cycle 
on, above, and below the Earth's surface. Source: Physical 
Geography Fundamentals eBook. 


Human Interactions With The Nitrogen Cycle 


Humans are primarily dependent on the nitrogen cycle as a supporting 
ecosystem service for crop and forest productivity. Nitrogen fertilizers are 


added to enhance the growth of many crops and plantations. The enhanced 
use of fertilizers in agriculture was a key feature of the green revolution that 
boosted global crop yields in the 1970s. The industrial production of 
nitrogen-rich fertilizers has increased substantially over time and now 
matches more than half of the input to the land from biological nitrogen 
fixation (90 MtN each year). If the nitrogen fixation from leguminous crops 
(e.g. beans, alfalfa) is included, then the anthropogenic flux of nitrogen 
from the atmosphere to the land exceeds natural fluxes to the land. As 
described above, most ecosystems naturally retain and recycle almost all of 
their nitrogen. The relatively little nitrogen that is being gained or lost by 
fluxes to the atmosphere and water cycle is also nearly being balanced. 
When humans make large additions of nitrogen to ecosystems leakage often 
results, with negative environmental consequences. When the amount of 
nitrate in the soil exceeds plant uptake, the excess nitrate is either leached in 
drainage water to streams, rivers, and the ocean or denitrified by bacteria 
and lost to the atmosphere. One of the main gases produced by denitrifying 
bacteria (nitrous oxide) is an important greenhouse gas that is contributing 
to human-induced global warming. Other gases released to the atmosphere 
by denitrifying bacteria, as well as ammonia released from livestock and 
sewage sludge, are later deposited from the atmosphere onto ecosystems. 
The additional nitrogen from this deposition, along with the nitrogen 
leaching into waterways, causes eutrophication. Eutrophication occurs 
when plant growth and then decay is accelerated by an unusually high 
supply of nitrogen, and it has knock-on effects, including the following: 
certain plant species out-competing other species, leading to biodiversity 
loss and altered ecosystem function; algal blooms that block light and 
therefore kill aquatic plants in rivers, lakes, and seas; exhaustion of oxygen 
supplies in water caused by rapid microbial decomposition at the end of 
algal blooms, which kills many aquatic organisms. Excess nitrates in water 
supplies have also been linked to human health problems. Efforts to reduce 
nitrogen pollution focus on increasing the efficiency of synthetic fertilizer 
use, altering feeding of animals to reduce nitrogen content in their excreta, 
and better processing of livestock waste and sewage sludge to reduce 
ammonia release. At the same time, increasing demand for food production 
from a growing global population with a greater appetite for meat is driving 
greater total fertilizer use, so there is no guarantee that better practices will 
lead to a reduction in the overall amount of nitrogen pollution. 


Review Questions 


Exercise: 


Problem: 


There is approximately 2,000 cubic kilometers of water stored in rivers 
around the world. Using the terms water cycle, flux and pool, describe 
under what conditions removing 1000 cubic kilometers per year from 
rivers for human use could be sustainable. 


Exercise: 


Problem: 


Each year, around a quarter of the carbon dioxide found in the 
atmosphere is turned into plant matter via photosynthesis. Does this 
mean that, in the absence of human activity, all carbon dioxide would 
be removed from the atmosphere in around four years? Explain your 
answer. 


Exercise: 
Problem: 
The water, carbon, and nitrogen cycles are all influenced by human 
activity. Can you describe a human activity that impacts all three 


cycles? In your example, which of the cycles is most significantly 
altered? 
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Glossary 


ammonification 
The release of ammonia by decomposerswhen they break down the 
complex nitrogen compounds in organic material 


anthropogenic CO, emissions 
Human release of CO, into the atmosphere by burning fossil fuels and 
changing land use. 


assimilation 
Acquisition and incorporation of nutrients or resources by plants e.g. 
nitrogen or carbon. 


biogeochemical cycles 
A concept describing how chemical elements (e.g., nitrogen, carbon) 
or molecules (e.g. water) are transformed and stored by both physical 
and biological components of the Earth system. 


biological components of the earth system 
All living organisms, including plants, animals and microbes. 


biological nitrogen fixation 
Where microbes convert N> gas in the atmosphere into ammonium that 
can be absorbed by plants. 


decomposers 
Bacteria and fungi that break down rotting organic material, releasing 
component elements in the process. 


denitrifying bacteria 
Microbes that convert nitrates to nitrous oxide or N> gases that are 


released back to the atmosphere. 


eutrophication 
Accelerated plant growth and decay caused by nitrogen pollution. 


evaporation 


The process whereby water is converted from a liquid into a vapor, as 
a result of absorbing energy (usually from solar radiation). 


evapotranspiration 
Evaporation from vegetated land that includes water transpired by 
plants as well as evaporation from open water and soils. 


fluxes 
Transformations or flow of materials from one pool to another in a 
biogeochemical cycle. 


greenhouse gases 
Gases in Earth's atmosphere that absorb long-wave radiation and retain 
heat. 


groundwater discharge 
Flow of water from below-ground into rivers, lakes, or the ocean. 


infiltration 
Flow of water from the land surface into soils and rocks. 


land use change 
Human change in the use of land, e.g. deforestation or urbanization. 


leaching 
Loss of nitrates from soil in drainage water 


nitrification 
Conversion of ammonia into nitrates by microbes. 


photosynthesis 
The process in which plants use energy from sunlight to combine CO» 
from the atmosphere with water to make sugars, and in turn build 
biomass. 


physical components of the earth system 
Nonliving factors such as rocks, minerals, water, climate, air, and 
energy. 


pools 
Amounts of material in biogeochemical cycles that share some 
common characteristic and are relatively uniform in nature. 


precipitation 
The conversion of atmospheric water from vapor into liquid (rain) or 
solid forms (snow, hail) that then fall to Earth's surface. 


primary producers 
The primary entry point of carbon into the biosphere—in nearly all 
land and aquatic ecosystems plants perform this role by virtue of 
photosynthesis. 


respiration 
Metabolic process in all organisms that generates energy and 
synthesizes biomass while releasing CO, as a by-product. 


streamflow 
Flow of water in streams. 


surface runoff 
Flow of water over the land surface. 


